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INTRODUCTION  AND  SUWIARY 

This  is  Volume  III,  OSCAR  System  Model  Development,  of  the  final  report  on 
Phase  IA  of  the  Optical  Submarine  Communications  by  Aerospace  Relay  (OSCAR)  program, 
performed  by  GTE  Sylvanla  under  Contract  Number  N00039-77-C-0100.  The  model  has 
been  developed  as  a  design  tool,  and  is  used  to  evaluate  performance  of  alternate 
designs,  ana  assess  critical  technology. 

The  ability  to  provide  a  communication  link  between  aerospace  relays  and 
submarines  at  operating  depths  would  signif icantly  enhance  the  HAVY's  command, 
control  and  communications  (C^)  capability.  The  most  promising  technology  for 
accompl ishing  this  objective  is  optical  comounicat ions  that  e*ploit  the  blue-green 
transmission  characteri s: ics  of  seawater. 

The  Naval  Electronics  System  Command  has  defined  a  program  for  using  optical 
comnuni cat  Ions  for  certain  specific  NAVr  c3  requ i rement s .  The  program,  “Optical 
Submarine  Conrunicat tons  by  Aerospace  Relay"  (OSCAR),  explores  the  capability  of 
optical  communications  to  perform  wide  area  broadcast  to  Submerged  Submarines. 
General  broadcast  tra'fic.  Emergency  Action  Messages,  and  Selective  Call  messages 
are  specifically  addressed  by  the  OSCAR  program. 

The  three  major  parts  of  the  OSCAR  phase  !A  program  are: 

!.  Operating  Concept  Selection,  reported  in  Volume  II. 

2.  Model  Development,  reported  in  this  voljme; 

3.  System  Definition,  reported  In  Volume  IV.* 

Volume  II,  Operating  Concept  Definition,  analyzed  all  the  logical  concepts  for 
Teettng  the  system  requ * rement s ,  and  selected  one  concept  for  further  study.  The 
selected  concept  uses  a  radio  frequency  uplink  to  satellites  at  or  near  synchronous 
altitudes,  and  a  blue-green  laser  downlink  from  the  satellites  to  the  operational 
area.  This  selection  was  based  on  a  top  level  and  approximate  model  relating  all 
requirements  (except  system  effectiveness)  to  the  system  concept(s). 


•  Volume  I  contains  an  Executive  Summary  of  the  entire  program. 
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i.  (Continued) 

This  volume  presents  the  OSCAR  system  modeling  (developed  subsequent  to  the 
Operating  Concept  Selection)  for  describing  all  aspects  of  the  OSCAR  performance 
i.e.,  an  analytic  node!  relating  system  requirements ,  the  operating  environment,  and 
system  design  to  system  performance.  The  earlier  model  has  been  revised  and 
e«?anded  to  include  all  the  practical  aspects  of  actual  system  behavior,  so  that  a 
nore  precise  estimate  of  the  system  performance  for  a  given  system  design  is 
available. 

The  logical  development  of  a  complete  OSCAR  system  model  is  shown  in 
F‘gure  1-1,  while  Figure  1-2  shows  another  view  of  the  three  levels  of  detail 
involved.  The  first  step  is  a  detailed  node!  for  the  signal  and  noise 
characteristics  of  the  optica!  downlink  on  a  pulse  by  pulse  basis.  The  second  step 
is  to  incorporate  these  pulses  in  a  communication  message,  and  treat  the  downlink 
comunlcat ions  and  scanning  aspects  of  OSCAR  dur‘ng  a  Single  time  interval.  Only 
one  port ‘on  o'  the  total  required  coverage  area  is  treated  at  a  time  since  the  model 
applies  to  a  single  satellite  during  a  single  time  interval.  The  full  system 
effectiveness  is  not  included  since  only  the  communication  "downlink"  availability 
is  analysed. 


Figure  1-1.  Development  Procedure  for  a  Full  OSCAR  Model  •> 

I 

i 
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figure  1.2.  Representation  of  OSCAR  Model  Development 
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1.  (Continued) 


The  th:rd  step,  the  Full  OSCAR  Node) ,  treats  all  aspects  of  system  behavior 
including  the  uplink,  evolving  data  bases,  time  varying  locations  of  background 
sources,  an<j  tne  complete  satellite  constellation.  The  full  system  effectiveness  is 
included. 

This  report  presents  all  three  steps  in  the  complete  OSCAR  model:  the  Single 
Pulse  Downlink  Propagation  Model  (SPDPM),  the  Downlink  Communicat ion  Model  (OCM), 
and  the  Full  OSCAR  System  Model  (FOSM),  as  well  as  a  Glossary  of  all  symbols  used  in 
these  models.  (The  Glossary  is  described  in  Section  2.0.) 

A  draft  of  tne  SPOPN  was  Submitted  on  July  1,  1973.  Extensive  review,  by  both 
NAVY  and  Government  Contractor  personnel  over  the  succeeding  eleven  months,  has  led 
tp  some  minor  revisions.  The  approved  version  is  presented  in  this  report. 

Section  3  discusses  all  aspects  of  the  signal  portion  of  the  single  pulse 
downlink  propagation  model.  The  parameters  used  are  shown  in  Figure  1-3.  The  laser 
pulse  originates  on  the  satellite,  propagates  through  the  atmosphere  (Including 
whatever  clouds  are  present),  the  air-water  interface  and  the  water,  and  is  detected 
by  the  submarine  receiver. 

Section  4  discusses  all  aspects  of  the  noise  portion  of  the  single  pulse 
downlink  propagation  model.  Some  portions  of  the  background  light  (sunlight, 
moonlight)  traverse  a  path  like  that  of  the  signal  (although  usually  at  a  different 
zenith  angle),  while  other  portions  of  it  (blue  Sky-light  and  star-l Ight/zodlacal 
light)  do  not  arise  from  single  point-like  sources,  and  must  be  treated 
differently,  'he  bloluminescent  light  originates  from  sources  in  the  water  itself, 
and  so  the  atmospheric  conditions  have  no  direct  effects  on  its  properties. 

Sections  3  and  4  are  organized  in  the  same  manner.  First  the  method  of 
approach  used  in  the  models  is  discussed,  and  then  a  detailed  flow  chart  showing  the 
interactions  between  all  the  equations  is  illustrated.  (A  top  level  schematic  of 
these  flow  charts  is  shown  in  Figure  1-4).  The  second  subsection  defines  and 
discusses  all  the  input  information  needed  to  perform  the  calculations.  The  third 
subsection  (3.3  and  4.3  respectively)  contains  the  derivations  and  Justifications  of 
all  the  equations  used.  These  equations  and  derivations  are  organized  in  a  discrete 
modular  fashion,  so  that  future  revision  (e.g.,  cloud  and  water  models)  may  be  made 
in  an  efficient  and  inexpensive  manner. 
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Figure  l-4a.  Schematic  of  “Signal"  Single-Pulse  Downlink 
Propagation  Model 


Figure  l-4p.  Schematic  of  Typical  Single-Pulse  "*ol*e  Equivalent 
Power"  Downlink  Propagation  Model 
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1.  (Continued) 

Section  4.4  presents  the  computer  program  for  the  complete  Single  Pulse 
Downlink  Propagation  Model. 

Both  Sections  3  and  4  conclude  with  a  discussion  of  the  uncertainties  In  the 
present  sub-models,  and  the  values  of  the  parameters  entering  into  these  sub¬ 
models.  Key  uncertainties  include  the  cloud  and  water  propagation  models,  and  the 
strength  and  temporal  characteristics  of  the  blolumlnescent  background. 

The  Downlink  Communication  Model  (DCM)  is  derived  in  Section  5.  It  considers 
the  problem  of  communlcat tng  one  message  to  a  given  area  during  a  single  time 
interval  while  the  satellite,  sun  and  moon  are  each  at  a  single  known  location,  and 
the  environment  Is  specified  for  all  the  necessary  propagation  paths.  It  Includes 
the  effects  of  laser  wann-up  time,  interframe  dead  time,  time  to  scan  to  a  new  spot, 
and  spot  overlap  during  the  scan.  It  allows  for  system  design  choices  of  modulation 
format  (the  number  of  bits  per  pulse),  demodulation  format  (threshold  or  tlme-of- 
peak),  post  detection  processing  format  for  anti-jam  protection  (If  tine  of  peak 
demodulation  is  chosen),  and  scanning  approach  (non-adapt  ve,  adaptive  for  assumed 
thick  cloud  zenith  angle  effects,  and  fully  adaptive). 

The  model  outputs  Include  the  downlink  aval labll ity,*  and  the  number  of  pulses 
used  to  achieve  this  availability,  both  during  a  single  time  Interval.  In  addition, 
the  satellite  prime  power  and  the  number  of  jamming  and  spoofing  events  per  year  are 
derived. 

Section  S  is  organised  in  the  same  manner  as  Section  3  and  4.  The  method  of 
approach  used  is  first  described,  and  then  a  detailed  flow  chart  showing  the 
interactions  between  the  equations  and  design  decisions  is  shown.  Figure  1-S  Is  a 
top-level  schematic  of  this  flow  chart.  (The  SPOPM  is  utilized  within  the 
availability  block.)  The  second  sub-section  defines  and  discusses  all  the  input 
information  needed  to  perform  the  calculations  and  the  third  subsection  presents 
detailed  derivations  of  all  the  DCM  sub-models. 

Section  S.4  presents  the  computer  program  for  the  complete  Downlink 
Communication  Model. 


•  In  this  context,  downlink  availability  Is  defined  as  that  fraction  of  the 
allocated  area  to  which  the  message  can  be  successfully  transmitted  within  the 
required  time  Interval. 
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Figure  1-5.  Schematic  of  Downlink  Communication  Model 

1.  (Continued) 

Section  5  concludes  with  a  discussion  of  the  uncertainties  in  the  sub-models 
used,  and  the  values  of  the  parameters  entering  into  these  sub-models.  There  are 
negligible  uncertainties  in  the  models,  and  the  key  area  o*  uncertainty  Involves  the 
values  of  the  cloud  parameters  trfilch  apply  during  a  single  time  interval. 

The  architecture  for  the  Full  OSCAR  System  Model  (FQSM)  is  derived  in 
Section  6.  It  considers  the  problem  of  communicatl ng  three  types  of  messages  to  the 
complete  required  coverage  area  over  a  long  time  (normally,  one  year).  Therefore, 
the  time  evolution  of  the  environmental  inputs  is  Included,  all  requirements  are 
treated  (including  system  effectiveness),  and  the  complete  system  design  is  used 
including  the  ground  stations,  the  uplink,  and  the  full  satellite  constellation. 

The  model  outputs  the  system  effectiveness  for  a  given  system  design,  with 
enough  intermediate  steps  to  indicate  those  aspects  of  system  design  which  are 
driving  the  system  performance. 
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Section  6  is  organized  In  the  seme  manner  as  Sections  3,  4,  and  5.  The  method 
of  approach  is  first  described,  and  then  a  flow  chart  showing  the  interactions 
between  the  models  and  design  decisions  Is  shown.  Figure  1-6  Is  a  top-level 
schematic  of  this  flow  chart.  (The  DCN  Is  utilized  within  the  "Downlink 
Performance,  Single  Time  Interval"  block.)  The  second  sub-section  defines  and 
discusses  all  the  input  Information  needed  to  perform  the  calculations  and  the  third 
sub-section  presents  detailed  derivations  of  all  the  FOSM  submodels. 

Section  6.4  presents  our  approach  toward  Implementations  of  the  FOSM.  The 
architecture  is  completed  (as  called  for  in  the  Statement  of  Work)  and  this  section 
discusses  the  exemplary  results  to  be  derived  with  this  architecture. 

The  section  concludes  with  a  discussion  of  the  uncertainties  In  the  analysis, 
and  the  values  of  the  parameters  entering  Into  the  F0SM.  The  analysis  Is  uncertain, 
and  may  be  revised  in  the  future,  in  the  areas  of  system  effectiveness  formulation, 
and  remote  sensor  performance.  The  parameters  for  the  cloud  and  water  data  bases 
are  uncertain  In  both  their  magnitude,  their  spectral  correlation  and  their  temporal 
evolution,  and  should  undergo  future  revision. 

Volune  IV  uses  these  models  to  define  an  OSCAR  system  able  to  meet  the  full 
requlremetns,  for  the  environment  as  presently  characterized. 
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Section  2 


This  section  defines  al 
oped  In  Sections  3.  4,  5  and 
Subsection  2.1  a'<d  the  Greek 


GLOSSARY 

the  English  and  Greek  symbols  used  In  the  models  devel- 
6.  The  English  symbols  are  listed  alphabetically  In 
symbols  are  listed  alphabetically  In  Subsection  2.2. 


2.1  EHGUSH  SYMBOLS 

a  ■  semi-major  axis 

A^l  •  crosslink  availability 

Aql  •  downlink  availability 

Aj  •  energy  to  instantaneous  jwwer  normal ization  parameter 
Ags  •  ground  station  availability 

A,  •  single  satel lite/smgle  time  interval  coverage  area  responsibi  1  ity 
A^j-y  •  area  of  rectangle  within  the  ellipse 

'S?CT1  'MIN  "  <ni n useful  spot  area  in  1  j  resolution  element  for  elliptical 
spots. 

A^  •  area  of  an  envi ronmental  resolution  element 

^Eij  "  ar*a  of  ^  r®*o'ution  clement 

A$at  *  satellite  availability 

ASg  ■  submarine  receiver  availability 

AG(-  •  area  of  useful  coverage  within  the  spot,  for  square  in  circle  pattern 
*SC1J  "  uSefu*  sP°t  area  resolution  element 

ASCMIN  "  nln,mun  useful  spot  area 

A^p  •  area  of  illuminated  spot,  to  exp-2  irradiance  points 
Ay^  ■  uplink  availability 

\lNVl  "  system  unavailability  based  on  area  for  which  FOM  ij  <1 
av>l  ■  area-based  system  availability 

b  •  effective  clear  atmosphere  optical  thickness 
8  •  electrical  detection  bandwidth 
Bg  •  #  of  bits  to  be  transferred  on  the  backlink 
•  #  of  bits  to  be  transferred  on  the  crosslink 
Bqpt  •  receiver  optical  filter  bandpass 
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2.1  (Continued) 

By  •  #  of  bits  to  be  transferred  on  the  uplink 
c  •  speed  of  1 ight 

Cf  •  fraction  of  sea-surface  covered  by  foam  and  streaks 

d  •  diameter  of  receiver  aperture 

3  «  receiver  depth 

OCM  ■  downlink  communlcat ion  model 

Oq  ■  ground  station  RF  antenna  diameter 

D,  ■  thickness  of  1  * th  water  layer 

Oqc i j  "  fl*an  depth  of  tj'th  ERE 

Oj  •  satellite  RF  antenna  diameter 

3Sp  ■  diameter  of  illuminated  spot  atop  water,  to  exp-2  irradiance  points 
3SPMIN  *  wlnifum  spot  d’jmeter 

DSQ  •  edge  length  of  square  inscribed  within  the  illuminated  circular  spot 

e  •  charge  on  the  electron 
E  •  eccentric  anamoly 

E,  •  exponential  integral 

Eff  ( Sf ST }  •  system  effect  1 veness 

Ep  •  transmitter  energy  per  pulse  per  terminal 

EproT  ■  total  transmitter  energy  per  pulse 

£p  •  total  received  energy  per  pulse 

ERE  •  environmental  resolution  element 

Erf  •  RF  energy  per  message  bit 

exp  •  exponential 
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2.1  (Continued) 


F  ■  amplifier  noise  figure 

f*  (;0*  'a'1  *  ^ract<on  of  incident  radiance  within  receiver  field  of  view 

f'  (;g.  ■  p .  '  Su)  ■  fraction  of  incident  radiance  within  receiver  field  of 

view 

fj  •  atmospheric  contribution  to  received  beam  radiance 

fCw  ■  air-water  interface  contribution  to  received  beam  half -angle 

fj_  •  “wall-plug"  source  efficiency 

FQK,,  •  figure  of  merit  for  the  ij  resolution  element,  which  Is  the  ratio  of 
the  achieved  signal  to  noise  ratio  to  the  required  signal  to  noise 
ratio 

FOf'jj  •  smallest  F0M1  .  f or  opt«50,  throughout  the  coverage  area 

S 

f(t)  «  received  pulse  shape  \ 

fw  ■  water  contribution  to  received  beam  half-angle 

f„i  •  contribution  of  i'th  water  layer  to  received  beam\$Jf  angle 

\ 

V 

g  ■  "cost"  of  jam/spoof  system,  relative  to  OS^AR 
j  ■  detec* 4 O"  gain 

■  receiver  azimuth  pointing  angle,  relative  to  local  longitude 
G* *  receiver  a/imuth  pointing  angle  in  the  ij  resolution  element 
•  receiver  zenith  pointing  angle 

^ELi*  "  receiver  zenith  pointing  angle  in  the  ij  resolution  element 
^*9  •  RF  antenna  gain 

H  •  distance  from  cloud  base  to  water  surface 
h  •  energy  per  signal  photon 

1  ■  incl 1  nation  angle 
I  •  peak  signal  current 
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2.1  (Cont i  nued ) 

!C,j  •  f fact ; on  of  ij'th  £R£  which  is  covered  by  ice 
I(j  •  dart  current  at  the  photo-cathode 
tn  •  RMS  noise  Current 
!.  •  threshold  current 
I  {;  *)  •  water  radiance  distribution 

j  •  number  of  water  layer*  present  from  surface  to  submarine  receiver 
J  •  jammer  noise  power 

l'  k  *  diffuse  attenuation  coefficient  of  the  water 

kj  •  diffuse  attenuation  coefficient  of  i'th  water  layer 

r 

.  (kt)  •  thermal  noise  energy  -  (Bo! t zmann 1 s  constant!  »  (absolute  temperature) 

•  ■  number  of  bits  per  pulse 

Lg  •  clear  sky  exo-atsospheric  effective  radiance  due  to  blue  skylight 

Igy  •  spectfal  irradiance  at  receiver  aperture  due  to  bioluminescence 

-  Lg$  •  spectra!  radiance  at  receiver  aperture  due  to  blue  skylight 

*  •  eno-atmospheric  effective  lunar  radiance 

f  L*nj  •  spectra!  radiance  at  receiver  aperture  due  to  the  moon 

•  e*o-atmospher*c  effective  solar  radiance 

[  LSy  •  spectral  rad4ance  at  receiver  aperture  due  to  the  sun 

‘■Z  •  clear  sky  exo-atmospheric  effective  radiance  due  to  stellar  and  zodiacal 
I  light 

LZ$  *  *P«ctral  radiance  at  receiver  aperture  due  to  stellar  and  zodiacal  light 


m  •  niarber  of  sources  or  terminals  per  satellite 

MARG  •  System  margin  used  to  compensate  for  unmode! led  noise  sources 

Mg  •  Rf  margin  on  the  backlink 


•  RF  margin  on  the  crosslink 

•Vj  •  Message  length  to  be  delivered,  system  requirement 

•  Total  message  length. 

•  Message  length  to  be  delivered,  system  requirement 

•  Overhead  bits  added  to  each  message 

MTBFj-  •  **ean  time  between  environmental  conditions  which  are  Sufficient  to 
cause  an  outage 

MTBFsug  •  Mean  time  between  failure 

HTTR,.  •  Mean  time  for  outage-caus i ng  condition  to  clear 

v. 

MTT»sL.g  •  **ean  time  to  repair 

M, ,  •  Rf  nrg<n  on  the  uplink 

n  •  eater  inde*  of  refraction 

Hcr  -  Nunber  of  crosslinks  used  m  the  entire  system 

NE»g  •  Noise  equivalent  optical  power  due  to  shct-nolse  generated  by  the 
back  ground 

NE^c  *  ^oise  equivalent  opfca’  power  due  to  photo-detector  dark  current 

NE5-U  •  No‘se  equivalent  optical  power  due  to  thermal  or  amplifier  noise 

NE5ss  *  equ* valent  optical  power  due  to  shot -noise  generated  by  the 

signal 

NE°tq-  •  Total  noise  equivalent  optical  power  due  to  all  sources 

NE3rgTij  *  noise  equivalent  optical  power  in  the  ij  resolution  element 

N,  •  Number  of  jammed  messages  per  year  per  boat,  single  pulse  processing 
* 

Nj  •  Number  of  jammed  messages  per  year  per  boat,  two  pulse  processing 

N,t  •  Allowed  number  of  Jamming  messages  per  year  per  boat,  system  requirement 

Ny  •  Number  of  missed  messages  per  year  per  boat,  system  requirement 

N0  •  Noise  power  per  htrti  density  at  the  receiver 


«»» 


2.1  (Continued} 

**Pt  “  Total  number  of  pulses  used  to  communicate  to  the  area 
NJt  •  Number  of  signal  pulses  received  in  TA 
jpNj,  •  Number  of  jam/spoof  pulses  received  in 
Njp  •  Number  of  spoofed  messages  per  year  per  boat 

N$?,  •  Allowed  number  of  spoofed  messages  per  year  per  boat,  system  requirement 

N^Rf  •  Number  of  spots  within  a  resolution  element 

N^Rf , ,  •  Number  of  spots  in  the  tj  resolution  element 

^SHEMAX  "  Mj*-nu,n  nunber  of  spots  within  a  resolution  element 

*’0T3£  "  of  resolution  elements  within  the  area  of  responsibl 1 ity 

N*jTsp  •  ’otal  number  o *  spots  within  this  coverage  area 

N. *  *ia<imum  number  of  spots  required  to  cover  the  area  of 
responsibl 1 ity 

P.  •  Probability  of  a  Jam/spoof  pulse  occuring  in  any  time  slot 
^AV  "  Avera9e  power  of  a  Single  terminal 

P9S  *  *vera9*  optical  power  at  receiver  due  to  the  blue  sky 
?Bi  *  *v*ra9e  optical  power  at  receiver  due  to  bio  luminescence 
•  31 t  error  probability 
p£^  •  Penalty  time  for  a  link  outage 

pp  •  Probability  that  a  single  threat  pulse  occurs  in  an  unoccupied  slot 
Pop  •  Probability  that  two  threat  pulses  occur  in  a  given  frame 
PFS  “  Prol>ab1 1 ^y  of  false  signature,  in  time-of-peak  demodulation 
?FA  "  Single  Pulse  probability  of  a  false  alarm 
p3  »  Ground  station  transmitter  power 

"  ?r,ne  on  the  satellite  required  for  all  non-laser  functions 

pj  •  Jamming  probability,  single  pulse  processing 
pj  •  Jamming  probability  for  two  pulse  processing 
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“  A»«ra9«  optical  power  at  receiver  due  to  the  noon 
PJ1  *  Probability  of  at  least  one  extra  pulse  occurring  in  the  Kji.  frames 
1?juj)  ■  Effective  radiated  jamme^  power 

Pj  •  Total  prime  power  (in  the  satellite)  required  to  sustain  the  laser  sources 

•  Probability  of  a  missed  message 

•  Probability  of  a  noise  spike  within  one  of  2*  -1  slots 
??H  •  Pulse  position  modulation 

pa  •  Peak  received  signal  power 

PUT  •  Pulse  repetition  frequency  of  the  transmitter 

3U,.  •  9eak  received  optical  power  in  the  ij  resolution  element 

Ps(t)  •  Instantaneous  received  signal  ;K>wer 

•‘j  •  Satellite  transmitter  power 

?Sp  •  Spoof  probability 

PjU  •  Average  optical  powe*-  at  r*ce*ver  due  to  the  sun 

STOT  *  prime-power  capability  required  on  the  satellite 

p,  •  Average  optical  po»*r  at  receiver  due  to  stellar  and  zodiacal  light 

0  ■  Parameter  describing  ability  of  satellite  transmitter  to  correct  for 
jrenlth  angle  spot  spreading.  0  <  q  <  1 

P  *  Pang*  from  satellite  to  submarine 
Pr  •  'lean  earth  radius 

*GJ  "  ,an9*  fro*  J*"*«r  To  the  ground  station 

PqS  •  ^ang*  from  ground  station  to  the  satellite 

P^  ■  Pang*  from  satellite  to  boat  located  at 

,i<MAt  “  *a*,n,u*  rang*  within  the  assigned  coverage  area 

PjS  •  Distance  from  jammer  to  satellite 
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R^  •  toed  resistance 
rMU  "  *°°n  altitude 
fts  ■  Satellite  altitude 

•  Rate  of  change  of  satellite  altitude 
R$j  •  Oistance  between  2  satellites 
Rsu  •  Sun  altitude 
R(3s)  •  Sea-surface  reflectance 

s  •  water  scattering  coefficient 

s,  •  scattering  coefficient  of  1'th  water  layer 
S?0PM  •  Single  pulse  downlink  propagation  model 

•  Signal  to  noise  ratio 

gj  , ,  •  Signal  to  noise  ratio  achieved  in  the  ij  resolution  element 

g^  *  Required  s'gnal  to  noise  ratio,  throughout  the  coverage  area 

SRc  •  RF  signal  power  at  the  receiver 
St  •  Parameter  describing  area  allocated 

t  «  time 

’  •  geometrical  thickness  of  the  cloud 

ta  •  time  allowed  to  cover  the  allocated  area,  system  requirement 
:ARV  *  adjacent  spot  revisit  time 
tf  •  dead  time  between  frames 

t, j  •  time  to  cover  the  ij  resolution  element 

ta  ■  time  after  pulse  start  at  which  peak  value  occurs 

Tisr  •  threshold  to  noise  ratio 
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2.1  (Continued) 

r0N  "  source  on  time  for  4  single  coverage  time 

T0  t  -  time  to  cover  resolution  element  for  which  TpART  changes  from  <T^  to  >T^ 

rPAfiT  *  time  to  cover  the  resolution  elements  with  FOM^  >  1,  from  largest 
F0M  to  smallest 

ts  •  Slot  width 

t,t  •  dead  time  betwee >  messages,  or  time  to  scan  to  a  new  spot  and  to  develop 
the  appropriate  beam  width 

TJp  •  ’i*e  devoted  to  each  spot,  including  slewing  time 
TVq*  •  time  required  to  cover  the  allocated  area 

•  Haxlmun  time  required  to  illuminate  the  total  allocated  area 
t  •  source  turn-on/warm-up  time 
:tc  ■  pulse  width  due  to  cloud  portion  of  the  path 
“*cw  "  width  due  to  cloud  to  water  portion  of  the  path 

:tw  ■  pulse  width  due  to  water  portion  of  the  path 
t  •  time  of  day  at  Greenwich  (3*  longitude)  (Sect.  6.3) 

T^y  •  time  over  which  aval labi l tties  are  averaged  in  order  to  obtain  (SfST) 

tg  •  time  allowed  to  complete  backllnk 

•  time  allowed  to  complete  crosslink 

t__  •  tine  after  full  moon 
mo 

tnp  •  time  after  sunset 
T0R8  *  °f  the  orbit 

tp  •  time  when  perigee  of  the  orbit  was  traversed 
tu  •  Time  allowed  to  complete  uplink 
tEARTH  *  -arth  wise  temperature 
TEOVoh  “  technology  figure  of  merit 
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2.1  (Continued) 


TRAIN  "  ra<n  nols*  temperature 
^RECEIVER  “  R*^*1v«r  noise  temperature 
tSUN  "  sun  noise  temperature 

V  ■  Surface  wind  speed 

VH  •  Haxlnwn  submarine  velocity  during  communication  time,  system  requirement 

w  •  Number  of  additional  pulses  added  to  message  to  meet  quality  of  service 
requirements  of  tlme-of-poak  demodulation  approach 

w  •  Extent  of  spread  spectrum 

xr  •  receiver  coordinate  in  earth-centered  system 
*MU  "  1urt4r  coordinate  in  earth-centered  system 
X5  •  satellite  coordinate  in  earth-centered  system 
x$.j  •  solar  coordinate  in  earth  centered  system 

fr  •  receiver  coordinate  in  earth-centered  system 
yMU  *  lunar  coordinate  In  earth-centered  system 

•  satellite  coordinate  in  earth-centered  system 
•  solar  coordinate  in  earth-centered  system 

•  receiver  coordinate  in  earth-centered  system 
Z^y  •  lunar  coordinate  in  earth-centered  system 

Zs  •  satellite  coordinate  m  earth-centered  system 
Zsu  •  solar  coordinate  In  earth-centered  system 
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2.2  GREEK  SYMBOLS 

The  Greek  symbols  are  listed  In  order  according  to  the  Greek  alphabet 

Y  •  i.  C.  >  ■  "It  3,  l ,  < ,  X ,  U  •  'J «  <.  •  0 »  Ct  J  i  1 »  •  X  •  W  •  <J  • 


4 


4  » 

*1 

■*  GS  ' 

J1  - 

" 

‘MU  1 

J  __  1 

pin 
J  S  • 
JSU 
1  S’J8 


latitude  of  a  point  within  the  coverage  area 
latitude  of  ground  station 
mean  latitude  value  for  all  1  resolution  elements 
latitude  of  jammer 
1  lunar  latitude 
1  phase  of  the  moon 
satellite  latitude 
1  solar  latitude 

■  latitude  of  submarine  receiver 
•  rate  of  change  of  satellite  latitude 


■  longitude  of  a  point  within  the  coverage  area 

•  GS  "  of  9round  station 

i  ,  •  mean  longitude  value  for  all  j  resolution  elements 
«* 

•  j  ■  longitude  of  jammer 
■=  MU  "  lunjr  longitude 

•  0  •  lunar  longitude  at  sunset  of  a  given  day 
s 5  •  satellite  longitude 

su  •  solar  longitude 

/  j  •  rate  of  change  of  satellite  longitude 
= SUB  "  ,on9itude  of  submarine  receiver 


>T  •  transmitter  optics  transmission 
•  receiver  optics  transmission 
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2.2  (Continued) 

f  •  offset  angle  between  receiver  optical  axis  and  axis  of  the  Incoming  light 
'BRij  *  1n  Mter  Angle  between  receiver  axis  and  effective  blue-sky  direction 
:  MUR1  j  "  1  n  ***te»‘  angle  between  receiver  axis  and  lunar  direction 
■  SRIj  "  <n  wat#r  Angle  between  receiver  axis  and  signal  direction 
5  Surij  *  ,n  *Ater  angle  between  receiver  axis  and  solar  direction 
-  ZRIj  *  1n  wAter  angle  between  receiver  axis  and  todiacal/starl Ight  direction 

e  ■  spot  overlap  factor 

<^e  ■  eccentricity  of  (orbital)  ellipse 

"  -  G  •  ground  station  RF  antenna  efficiency 

“  r  •  satellite  RF  antenna  efficiency 


cos 


“  AW 

*» 

SI 

4 

&  i 

R 

.,su 

“  AW 

.  -MU 
“'AW 

'S/2 


■M/2 

.-8 

““AW 


cloud  particle  nean  scattering  angle 

•  mean  cosine  of  the  In-cloud  scattering  angle 
■  Full  angle  exp  (-2)  transmitter  bean»«1dth 

■  rms  half-angle  additional  signal  beam  divergence  due  to  wave  action 
■  Mean  square  single  scattering  angle  in  water 

•  Mean  square  single  scattering  angle  In  water  for  i'th  water  layer 
•  Half  angle  of  the  receiver  field  of  view 

•  rms  half-angle  air-water  interface  induced  spread  for  the  sunlight 

•  mss  ha  If -angle  air-water  interface  induced  spread  for  the  moonlight 

■  Half  the  angle  subtended  by  the  sun 

•  Half  the  angle  subtended  by  the  moon 

•  nns  half-angle  air-water  Interface  induced  spread  for  the  blue  sky  light 


.<a 


AW 


rms  half-angle  air-water  Interface  induced  spread  for  the 
stellar/zodiacal  light 
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2.2  (Continued) 

•TMIN  "  transmitter  beam  divergence 

-ys  •  RMS  short  term  satellite  pointing  jitter 
“TOR  *  long  term  satellite  pointing  drift 

•  Minimum  transmitter  bean  divergence  from  all  constraints 

*T2  "  Transmitter  beam  divergence  for  temporal  availability  In  non-adaptlve 
scan 

-yjj  •  Initial  transmitter  beam  divergence  to  1j  resolution  element  for 

partially  adaptive  scan,  or  final  beam  divergence  In  fully  adaptive  scan 

.^2tj  •  Transmitter  beam  divergence  for  temporal  availability  In  partially 
adaptive  scan 

•  Angle  between  2  points  on  the  earth's  surface,  viewed  from  a  satellite 

-5  ■  Zenith  angle  from  Inertlally  oriented  satellite  to  a  point  on  the  earth's 
surface 

-3  •  Rate  of  change  of  -*5 

'•‘SA  "  A*l3luth  angle  from  Inertlally  oriented  satellite  to  a  point  on  the 
earth's  surface 

•  Rate  of  change  of 

•  •  Optical  wavelength 
-•  ■  Wavelength  shift 

useful  bandwidth  of  optical  filter 

•  Wavelength  of  RF  link 

v  ^  — I*  Optical  Doppler  shift  for  satellite  to  earth  path 

1 7^5  •  Ooppler  shift  between  2  satellites 
?  *c  •  mean  extinction  coefficient  of  the  cloud 
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2.2  (Continued) 


c 

t0PT 

* 

'cm 

'aw 

'awl 

‘aw2 


Signal  dear  atmospheric  energy  transmission 

Signal  cloud  energy  transmission 

Optical  thickness  of  the  cloud 

Signal  cloud  to  water  energy  transmission 

Signal  total  energy  transmission  of  air-water  interface 

Signal  air-water  Interface  energy  transmission  due  to  the  index  of 
refraction  discontinuity 

Signal  air-water  interface  energy  transmission  due  to  foam  anc  streaks 
on  the  sea  surface 

Signal  water  energy  transmission 
Background  clear  atmospheric  energy  transmission 
•  Cloud  energy  transmission  of  the  direct  sunlight 

•  Cloud  energy  transmission  of  the  direct  moonlight 

»  Cloud  energy  transmission  of  the  blue  skylight 

•  Cloud  energy  transmission  of  the  stellar  and  zodiacal  light 

■  Background  cloud  to  water  energy  transmission 

»  Total  background  energy  transmission  of  the  air-water  interface 

■  Background  air-water  interface  transmission  due  to  index  of 
refraction  discontinuity 

■  Background  air-water  Interface  transmission  due  to  foam  and 
streaks  on  the  sea  surface 

«  Solar  air-water  interface  transmission  due  to  index  of  refraction 
discontinui ty 

■  Lunar  air-water  interface  transmission  due  to  index  of  refraction 
discontinuity 

•  Blue-skylight  air-water  interface  transmission  due  to  index 


a 

Ci 

t’cm 
.  • 

'  Cd 

T:z’ 

TC'/ 

taw 

*AWl 

:AH2' 

:AWI$ 

'ahim' 


'AWIS 


of  refraction  discontinuity 
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2.2  (Continued) 

t 

TAWI2  "  Stellar  and  zodiacal  light  air-water  interface  transmission  due  to 
index  of  refraction  discontinuity 

* WSU  "  Solar  water  energy  transmission 

l 

■  yfflj  ■  Lunar  water  energy  transmission 
* yg  •  Blue  Sky  water  energy  transmission 

I 

'  wZ  "  Stellar  and  zodiacal  light  water  energy  transmission 
:RAIN  “  rain  Attenuation  factor 
•  RADOME  "  r*dome  attenuation  factor 

■  Signal  1n-alr  zenith  angle 
s  •  Signal  in-water  zenith  angle 

i  )  ■  Off-axis  angle  at  which  in-water  radiance  goes  to  zero 
Half-power  angle  of  the  received  signal  beam  radiance 

4  t  <w 

i  ■  Solar  in-air  zenith  angle 
•  Lunar  1n-a1r  zenith  angle 

j  **  •  Angle  measured  from  the  axis,  or  principal  ray  direction,  of  the  in-water 
signal  radiance 

:  sjM  •  Solar  In-water  zenith  angle 
i  ■  Lunar  In-water  zenith  angle 

•  Signal  zenith  angle  to  ij  resolution  element 

s  SU1J  *  Solar  zenith  angle  to  1j  resolution  element 

3!*Uij  *  Lunar  zenith  angle  to  1J  resolution  element 

a SA 1 j  "  Signal  azimuth  angle  relative  to  local  longitude  in  ij  resolution 
element 

: suAi j  "  Solar  azimuth  angle  relative  to  local  longitude  in  Ij  resolution 
element 
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2.2  (Continued) 

}MUAij  *  Lunar  azimuth  angle  relative  to  local  longitude  in  1j  resolution 
element 

w 

*  Signal  in-water  zenith  angle  to  ij  resolution  element 

w 

5  Su i j  "  In-water  ’enith  angle  to  IJ  resolution  element 

u 

*MUij  "  Lunar  in-water  zenith  angle  to  ij  resolution  element 

•  Rate  of  change  of  zenith  angle 

:  ■  Azimuth  angle 

:  sa  •  Rate  of  changes  of  azimuth  angle 

ijiry  ■  Angle  between  2  satellites  viewed  from  the  earth 

'  SLrW  "  An91e  between  a  satellite  and  a  point  on  the  earth's  surface,  viewed 
from  another  satellite 

-0  •  Argument  of  perigee 

..  •  Right  ascension  of  ascending  mode 

-g  •  Cloud  particle  single  scatter  albedo 

..g  ■  Full  solid  angle  containing  the  incoming  In-water  radiance 
•OR  "  Rotational  rate  of  the  earth 

•  sol'd  angle  of  the  receiver 
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SINGLE  PULSE  DOWNLINK  PROPAGATION  MODEL  -  SIGNAL 

This  section  discusses  the  model  for  the  optical  propagation  of  a  single  signal 
pulse  from  a  satellite  to  a  submerged  submarine.  The  section  Is  organized  as  follows 

3.1  Model  Philosophy  and  Flow  Chart 

3.1.1  Philosophy  of  Approach 

3.1.2  Model  Flow  Chart 

3.2  Input  for  Signal  Calculation 


3.2. 1 

Source 

3.2.2 

Clear  Atmosphere 

3.2.3 

Cloud 

3.2.4 

Cloud  to  water 

3.2.5 

Air/water  Interface 

3.3.6 

Water 

3.2.7 

Recei ver 

3.3  Sub-Models 

3.3.1  Clear  Atmospheric  Transmission  -  Signal 

3.3.2  Clcud  Energy  Transmission  -  Signal 

3.3.3  Cloud  to  Water  Energy  Transmission 

3. 3. A  Air-water  Interface  Transmission  -  Signal 

3.3.5  Air-Water  Angular  Effects  -  Signal 

3.3.6  Relative  Surface  Foam  Coverage 

3.3.7  Water  Energy  Transmission  -  S’qnal 
3.3.6  Water  Distribution  of  Radiance  -  Signal 

3.3.9  Receiver  Pulse  Width/Shape 

3.2.10  Overall  Signal  Equations 
3. A  Model  Uncertainties 

3.4.1  Energy  Transmission 

3.4.2  Angular  Effects 

3.5  Parameter  Value  Uncertainties 

3.5.2  Cloud 

3.5.2  Air-Water  Interface 

3.5.3  Water 
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3.1  MQQ El  PHILOSOPHY  AND  aOW  CHART 

This  section  describes  the  basic  approach  used  to  generate  the  detailed  single 
pulse  downlink  propagation  model  and  presents  a  flow  chart  showing  the  interrela¬ 
tionships  of  the  sub-models  and  their  required  inputs. 

3.1.1  Philosophy  of  Approach 
The  model : 

(1)  Is  organized  in  a  modular  fashion,  so  that  the  effect  of  each  portion  of 
the  path  is  evident.  In  addition,  as  further  experiments  and  analyses 
are  undertaken,  pieces  of  the  model  may  be  upgraded  without  requiring 

extenstve  modification  of  the  total  model ; 

(2)  Considers  the  following  three  properties  of  the  signal,  and  separately 
models  the  effects  of  the  propagation  path  on  each: 

(a)  The  energy  transmission  from  the  satellite  transmitter  to  the  submer¬ 
ged  submarine  receiver; 

(b)  The  distribution  of  the  signal  radiance  at  the  submarine  receiver; 

( c )  The  pulse  shape  and  width  at  the  submarine  receiver. 

These  three  properties  a-e  then  combined  to  yield  the  instantaneous 
received  optical  power  at  the  surface  of  the  photodetector. 

(3!  Does  not  attempt  to  treat  all  possible  cloud  conditions,  father,  a  break 

point  is  established  at  a  minimum  optical  thickness  of  10.  Below  that 
value  one  set  of  sub-models  is  assumed  to  apply,  while  above  it  a  differ¬ 
ent  set  applies.  In  many  cases  these  sub-models  do  not  correspond  at 
Toot  '  optical  thickness  •  10.  and  so  the  overall  model  should  only  be 
used  for  rQOt  and  rQpt  >>10.  (Future  analysis  and  experiments  on 
the  "mul tiple-forward  scattering"  region  should  enable  the  sub-models  to 
be  upgraded,  and  this  inconsistency  removed.) 

(4)  Assumes  appropriate  slmole  analytic  forms  for  at-present  unknown  func¬ 
tions  such  as  the  radiance  distribution,  and  pulse  shape  and  width.  This 
enables  us  to  present  analytic  results  (except  for  the  receiver  axis  off¬ 
set  from  the  beam  axis  of  the  incident  radiance),  which  are  an  aid  to  a 

physical  understanding  of  the  overall  propagation  problem. 
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3.1.2  Model  Flow  Chart 

A  schematic  of  the  overall  single  pulse  signal  downlink  propagation  model  Is 
presented  In  Figure  3-1.  Given  the  input  parameters .  the  pulse  width  and  shape  and 
the  angular  and  radiance  distribution  are  derived.  Then  using  the  angular  and  rad¬ 
iance  distribution  and  the  Input  data  the  energy  transmission  of  the  path  Is  calcu¬ 
lated.  Finally  given  the  energy  transmission  and  the  received  pulse  shape,  the 
signal  (instantaneous  received  power)  is  calculated. 

Figure  3 -2  Is  a  detailed  flow  diagram  showing  the  calculations  that  must 
occur  to  arrive  at  the  reguired  output. 

(I)  The  input  parameters  are  listed  in  the  seven  el  1 Ipses  on  the  left  hand  side 
of  the  figure.  Including  source,  clear  atmosphere,  cloud,  cloud  to  water, 
air/water  interface,  water  and  receiver  parameters.  (The  symbols  are 
defined  In  the  glossary  in  Section  2.  and  also  in  the  Input  discussion 
in  Section  3.2). 

;;  The  calculation  eguatlons  are  represented  by  the  rectangular  boxes. 

Within  each  bo*  is  the  symbol  for  the  parameter  to  be  calculated  and 
the  equation  mr>ber  ( f rom  Section  3.3)  for  the  equation  to  be  used  to 
calculate  the  parameter.  The  first  quantity  calculated  Is  the  cloud 
optical  thickness,  tgPT.  since  this  determines  the  equations  to  be  used 
to  calculate  many  other  parameters.  Whenever  ;/  appears  in  a  rectangular 
bo*,  the  equation  nunber  preceding  it  refers  to  TgpT  ■  10.  while  the 
equation  number  following  it  refers  to  -gp,  10.  Hence,  given  the 
value  of  the  rest  of  the  models  to  be  used  are  specifically 

determined. 

.ill)  The  second  set  of  calculations  performed  are  of  three  types: 

, a }  patn  transmission.  Including  -  .  -  ,  -  ,  r  and  :  ; 

7  a  c  cw  aw  w 

■  iv  Pulse  width  and  shape.  Including  At  ,  it  .  At  and  tM; 

C  CW  W  m 

v c )  Angular  and  radiance  distribution.  Including  f^,  f  fy,  $  and 
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3.1.C  (Continued) 

(V)  Tne  patn  transmission,  angular  and  radiance  distribution,  source  and 
receiver  parameters  are  then  used  to  calculate  the  received  energy,  ER. 

(V)  The  received  energy  and  pulse  width  and  snape  are  used  to  calculate  the 
Instantaneous  received  power  PR(t). 

The  developed  computer  program  Is  Included  with  that  for  the  noise  sources,  and 
presented  in  Sectlr 


►‘igure  3-1.  Schematic  of  Signal  Single-Pulse  Downlink  Propagation  Hodel 


3.2. 3  Cloud 


The  required  parameters  are: 

Symbol  Description  Units 

T  Geometric  or  physical  thickness  of  the  cloud  Meters 

^  Average  extinction  coefficient  of  the  cloud  (Meters)  * 

q  A  parameter  describing  the  ability  of  the  satellite  trans¬ 
mitter  to  correct  for  the  geometric  :enith  angle  spreading 
of  the  spot,  q  •  0  implies  the  spot  remains  the  same  area 
independent  of  zenith  angle,  while  q  •  !  means  the  spot 
grows  naturally  with  zenith  angle.  Hence  o  _  q  1. 


•COS  ' 

'  The  average  value  of  the  cosine  of  the  scattering  angle 
for  single  scattering  within  the  cloud 

• 

's 

In-air  transmitter  zenith  angle 

Radians 

The  single  scattering  albedo  of  the  cloud  particles,  or, 
tne  ratio  of  the  probability  of  scattering  to  the  probability 
cf  extinction  for  a  Single  scattering  event. 

••• 

The  average  angle  for  single  scattering  within  the  cloud 

Radians 

3.2.4 

Cloud  to  Water 

r 

he  required  parameters  are: 

Symbol 

Description 

Units 

H 

Distance  from  Cloud  Base  to  Water  Surface 

Meters 

a 

Ran  ;e  from  the  satellite  transmitter  to  the  submarine 

receiver 

Meters 

full  angle  beam  divergence  to  the  e  ^  irradlance  points  of 

Radians 

transmitted  beam 
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3.2.5  Air/water  Interface 

The  required  parameter?  are: 


Symbol 

Description 

Units 

*S 

In-air  transmitter  zenith  angle 

Radians 

V 

Surface  wind  speed 

Meters /Second 

n 

Water  index  of  refraction 

3.2.6 

water 

The  required  parameters  are: 

Symbol 

Description 

Units 

ki 

Diffuse  attenuation  coefficient  of  the  1‘th 

water  layer 

(Meters)' 

°1 

Thickness  of  the  i'th  water  layer 

Meters 

W 

:s 

In-water  transmitter  zenith  angle 

Radians 

'SI 

Root-mean-square  angle  for  a  single  scattering  event 

Radians 

in  the  water 

s 

Scattering  coefficient  for  the  entire  water 

path 

(Meters)' 

n 

Water  index  of  refraction 

0 

Depth  of  the  submarine  receiver 

Meters 

3.2.7 

Receiver 

The  required  parameters  are: 

Symbol 

Description 

Units 

A 

R 

Half-angle  cf  the  receiver  teld  of  view 

Radians 

I 

Off-set  angle  between  the  in-water  signal  beam  axis 

Radians 

and  the  receiver  optical  axis 

0 

Depth  of  the  submarine  receiver 

Meters 

'R 

Transmission  of  the  receiver  optical  chain 

d 

Diameter  of  the  receiver  optical  aperture 

Meters 
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Figure  3-2, 


Flow  Diagram  of  Single  Pulse 
Downlink  Propagation  Model 
(Signal) 
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3.2  INPUT  FOB  S16MAL  CALCULATION 

This  section  discusses  the  fora  of  the  required  inputs  to  the  signal  single 
pulse  downlink  propagation  Model,  in  terms  of  the  seven  categories:  source,  clear 
ataosphere,  cloud,  cloud  to  water,  air/water  interface,  water  and  receiver. 


3.2.1  Source 

The  required  source  paraaeters  are: 

Symbol  Description  Units 

q  A  parameter  describing  the  ability  of  the  satellite  trans¬ 
mitter  to  correct  for  the  geometric  zenith  angle  spreading 
of  the  spot,  q  ■  0  iaplies  the  spot  remains  the  same  area, 
independent  of  zenith  angle,  while  q  *  1  means  the  spot 
grows  naturally  with  zenith  angle.  Hence  0  <  q  <  1. 

Ep  Energy  per  pulse  of  the  transmitter  laser.  Joules 

Yr  Transmission  of  the  transmitter  optical  chain. 

R  Range  from  the  satellite  transmitter  to  the  submarine  Meters 

receiver. 

9y  Full  angle  beam  divergence  to  the  e  irradiance  points  Radians 

of  the  transmitter  beam. 

3.2.2  Clear  Atmosphere 

The  required  parameters  are: 

Symbol  Description  Units 

b  Effective  clear  atmosphere  optical  thickness  such 
that  for  a  701-zenith  transmission,  b  •  0.357 

in-air  transmitter  zenith  angle  Radians 
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3.3  SUB-HQOELS 

This  section  develops  all  the  equations  used  In  the  calculation  of  the 
Instantaneous  received  signal  power. 

Sections  3.3.1.  3.3.2,  3.3.3.  3.3.4.  3.3.6  and  3.3.7  consider  the  path 
transmission  of  the  energy. 

Sections  3.3.5  and  3.3.8  consider  the  angular  effects  and  the  distribution 
of  the  received  radiance. 

Section  3.3.9  considers  the  received  pulse  shape  and  width. 

In  each  of  these  sections,  after  the  equations  are  developed  they  are 
evaluated  for  typical  cases  in  both  tables  and  figures. 

Section  3.3.10  combines  the  previous  results  to  obtain  the  received  energy 
and  the  optical  signal  power. 


■j 
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3.3.1  Clear  Atmospheric  Transmission  -  Signal 

In  the  absence  of  any  clouds  or  aerosols,  the  clear  atmospheric  transmission  Is 
described  by  the  term  t  .  Using  the  approximate  AFCRl  model*,  the  signal  zenith 

d 

angle  dependence  is  given  by: 

•a  '  **P  -  (&  sec  9$),  (3-1) 

for  ?  ■  signal  clear  atmospheric  transmission 

d 

b  •  effective  clear  atmospheric  optical  thickness 
■  signal  zenith  angle. 

The  typical  value  of  b  is  determined  from: 

(;$  •  0)  •  0.7  •  exp  (-b). 

or 

b  •  0.357. 

Table  3-1  and  figure  3-3  show  the  values  of  :  as  a  function  of  signal 

d 

zenith  angle. 

References  for  Section  3.3.1 

l.  R.A.  McClatchey .  R.W.  fenn.  J.E.A.  Selby.  F.  E.  Olz  and  J.  S.  Garing  "Optical 
Properties  o f  the  Atmosphere  (Revised)"  A  CRl-71-0279.  10  May  1971. 
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3.3.2  Cloud  Energy  Transmission-Signal 


Insofar  as  they  affect  optical  propagation,  clouds  may  De  categorized  as 
negligible  to  very  thin,  thin,  and  thick.  There  are  no  verified  experimental 
results  that  treat  any  one  of  these  three  regimes.  Since  we  are  discussing  an 
energy  transmission  here,  and  most  analyses  and  partial  experiments  are  in  terms  of 
tne  transmitted  Irradlance  (energy  per  second  per  area),  then  there  are  few  analytic 
expressions  for  the  cloud  energy  transmission. 

Our  decision  Is  to  treat  only  two  regimes  -  thick  clouds  and  nearly  clear 
weather.  We  do  this  with  the  understanding  that  evaluating  the  model  near  the 
transition  point  will  yield  results  that  are  Incorrect  in  principle,  and  so  only 
for  small  and  large  optical  thickness  {defined  below)  snould  the  overall  model 
be  expected  to  apply. 

we  propose  to  adopt  the  multiple-scattering  Monte-Carlo  derived  diffusion-like 

1  2 

expression  of  Bucner  and  Van  der  Hulst  for  thick  clouds,  so  that  at  zenith,  and 
neglecting  in-cloud  aosorption: 

.  .  _ Lii -  ,,,, 

c  :opt  v  l*'cos  •>> 

for  t  ■  Signal  energy  transmission  through  the  cloud 
r0PT  *  0pt1cal  sickness  of  the  cloud 
•cos  ■?>  •  yean  cosine  of  the  scattering  angle. 


The  optical  thickness  of  the  cloud,  for  a  homogeneous  cloud,  is  given  by: 


'or 

T  •  geometrical  thickness  of  the  cloud, 
and  rc  •  mean  extinction  coefficient  of  the  cloud. 

For  a  tyolcal  example,  for  a  stra to -cumulus  cloud,  we  might  have  T  «  1200  m 

and  "  •  3.34  m*1  so  *  «  48.  For  such  a  dense  cloud,  -cos  •?>  -  C.53  (~  «  34*) 

c  opt 

and  so 


-  .  — 
J-  *4 


3.3.2  (Continued) 


'c 


1.69 

48  (1  -  0.83)  ♦  1.42 


0.18 


The  zenith  cloud  energy  transmission  as  a  function  of  optical  thickness  is 
presented  in  Table  3*2  and  Figure  3-4  for  -cos  e>  ■  0.83 


Table  3-2.  Typical  “Thick"  Cloud  Zenith  Signal  Energy 
Transmission  (<cos  ?>  -  0.83),  -y“l. 


r 

i 

i 

TQpT,  Optical  Thickness 

I - 

1 

’c  .  Energy  Transmission 

i 

10 

0.54 

i 

20 

l 

0.35 

j 

30 

0.26 

40 

i 

0.21 

50 

0.17 

60 

t 

! 

0.15 

■ 

70 

\ 

j 

0.13 

i 

80 

i 

1 

0.11 

! 

90 

1 

i 

0.10 

i _ 

100 

1 

0.09 

From  the  *orm  of  Equation  (3-2)  it  cannot  apply  at  TqPT  •  0,  and  the  lower 
limit  of  optical  thicknesses  at  which  it  does  apply  is  still  to  be  determined. 

Me  provisionally  adopt  a  linear  fit  for  ■_  10,  so  that 


c 


1  -  0.046 


:0PT’ 


•cos  "•  •  0.83 


(3-4) 


Equation  (3-4)  is  evaluated  In  Table  3-3,  and  Figure  3-4. 

The  zenith  angle  dependence  for  thick  clouds  has  also  been  modeled  by  Bucher1 

? 

and  Van  der  Hulst  .  It  also  has  no  experimental  verification. 
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3.3.2  Continued) 

The  lesultmg  curve  has  been  fit  by  L.  Stotts  of  NOSC.  An  additional  factor  occurs 
because  of  the  "spreading  out"  of  the  beam  energy  with  zenith  angle.  Since  this 
"spreading  out"  may  be  converted  to  the  satellite  terminal ,*  we  shall  model  it  as 
a  transmission  factor. 


^cos  ;sjq  .  G  ■  q  _  1. 


The  complete  thick  cloud  signal  energy  transmission  (including  the  effects  of 
'.he  single  scatter  albedoJ,  .  -3.999)  is  given  by: 


C  *opt  :i*  cov’  '  ♦  1.42  i  I  I  I 


J  Jcos  :  |  q  \  1.69  -  0.5513  *  2.7173 


■6.966c  :]  ‘7.1446  »4  -3.4249  ‘0.6155  j®  j  * 


exp 


!.-V^ 


cos-)  (1-. 


V  3  ::-coi  ■  ! 


-,t  ». 

t  (  -F' 


Lii  ( 

1--C0S  ^ 


1.42  | 

1-- COS”  S 


1  -  e*p  - 


2  VI  ( i--cos ■  (l-.- : 


Vop*  *  1,42  ( 

I  l-'COS°>^ 


for  10 


-  'OPT 


J 


(3-5*  )| 


*  Except  in  the  unusual  condition  of  a  minimum  beam  size  constrained  by  satellite 
pointing  jitter. 
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3.3.2  i  Continued) 


Fer  thin  clouds  tne  diffusion  like  dependence  ougnt  not  to  apply.  Therefore, 
in  tne  rcpT  10  regime  we  assume  a  full  cosine  dependence  due  to  tne  extra  path 
length  in  the  cloud,  or 


( - 

1 

•  a 

1  -  0.085:qpt 

1.69 

["cos  »  ^  I 

c 

: 

10  (1  -  <cos  ■)>)  ♦  1.42 

L  SJ  1 

for  TnOT  10.  1 

For  t 


on 


0,  we  use 


v  [cos  *,J 


( 3-5o) 


For  »s  *  0  tnese  models  are  discontinuous  at  -„p»  ■  iC.  The  difference  in 
/alue  is  approximately  a  factor  of  0.58  at  •  70  .  At  this  stage  in  our  knowledge 
of  cloud  propagation  we  do  not  feel  that  such  a  factor  is  of  prime  importance,  and 
snail  ignore  this  discrepancy  until  an  experimental ly  verified  model  replaces  it. 

’able  3-4  and  Figure  3-5  snow  the  jenitn  angle  oecenoence  of  the  signal  energy 
transmission  for  Doth  rQpT  regimes,  witn  q  •  0,  i.e.,  satellite  optics  fully 
compensating  for  tne  tent tn  angle  Deam  irradlance  spread. 

References  for  Section  3.3.2 

1.  £ . A .  Bucher,  “Computer  Simulation  of  Light  Pulse  Propagation  for  Communication 
'hrough  Thick  Clouds.'  Appl led  Optics.  Vol .  12  !10;,  pp.  2391-2400. 

October  1973. 

2.  R.£  2anielson.  O.R.  Moore  and  m.C.  '/an  de  Mulst,  "’he  Transfer  of  Visible 
Radiation  Througn  Clouds.”  J .  Atmos .  Sc f .  Vol .  26  (9},  pp.  10*3-1087. 

September  1969. 

3.  ’he  effect  of  *  1  is  taken  from  Appendix  B,  equation  14,  of  S.  <arp.  “A  Test 
3*an  for  Determining  the  Feasibility  of  Ootical  Satellite  Cownuni cations  Through 
Clouds  at  visible  Frequencies.”  1GSC  TN  279,  Julyl,  1973. 
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Tab  1  •  3-4.  Zenith  Angle  vs  Signal  Energy  Transmission 
(Normal  Ited  to  >  •  0) 


Signal  Zenith  Angle  Thick  Cloud  Dependence  '  Thin  Cloud  Dependence 


0 

1 

10 

0 

20 

0 

D**vJlCN  ttGuM 


ua*.  ^xin  :uxo»tO‘Mi 


5>0 ha*.  re*rr>*  «nOU  — 


Figure  3-5.  Thin  and  Thick  Cloud  Zenith  Angle  Dependence 
of  Cloud  Transmission  Normalized  to  Zenith 
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3.3.3  Cloud  to  Water  Energy  Transmission 

The  energy  transmission  of  an  assigned  clear  propagation  path  from  the  bottom 
of  the  cloud  to  the  water  surface  Is  expressed  as  t^.  For  large  diameter  emerging 
spots  and  representati ve  clouds  the  energy  transmission  of  this  part  of  the 
propagation  path  is  very  high. 

We  consider  an  area  element  on  the  cloud  bottom  given  by  r  dr  d  j,  assuming 
circular  symmetry  and  that  our  observation  point  is  well  away  from  the  beam  edge. 

Then,  assuming  for  a  thick  cloud  the  emerging  energy  nas  a  Lambertian  distribution, 
taking 

h  •  distance  from  cloud  base  to  water 


3  •  range  to  sa  tel  1 1 te 


•->  ■  full  angle  e’*-  irradiance  beara*idth  (•  1°)  and  that  the  beam  is  so 

large  at  the  cloud  that  negligible  additional  in-cloud  induced  spreading  occurs, 
the  energy  transmission  is  given  by 


*CW 


r  d  r 


x  r  tilt“  of  emitting  surface  area} 


*  Range  from  surface  area  to  water  surface  "receiver” 


-2 


t  •"tilt"  of  surface  receiver"'  , 


or 


CW 


r  d  r 


UJ1 _ T|  1 _ \ _ 

I  *r‘j  1  /  ,’MSr2] 


2 

I 


'CW 


- J  , 

1  ♦  (H/(R  *j/2) 


topt  i  10 


(3-6a ) 


Equation  (3-6a)  is  evaluated  in  Table  3-5  and  Figure  3-6  as  a  function  of  the 
ratio  of  the  cloud  base  height,  H,  to  the  emerging  spot  radius,  R-\/2. 
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3.3.3  (Continued) 

For  typical  situations,  H/R6T  0.2  and  so  this  Is  a  very  small  effect  for 
thick  clouds.  '  ~7~ 

For  thin  clouds,  the  net  transmission  is  even  higher  for  large  incident  beams 
since  the  energy  does  retain  Its  emitted  angular  sense,  We  therfore  take 

( 3-6b) 

We  further  assume  that  there  Is  no  zenith  angle  dependence  for  *cw  In  either 
regime. 


amsyuMHiA 

MTHW  1  m  *— 

3.3.4  Air-Water  Interface  Transmission  -  Signal 

Th*  signal  energy  transmission  of  the  air-water  interface  1$  composed  of  two 
factors: 

Taw  “  (?awl}  *  (taw2)* 

for  t  •  total  energy  transmission  of  air-water  Interface 

r  .  •  air-water  Interface  transmission  due  to  Index  of  refraction 
discontinuity; 

t  j  "  air-water  Interface  transmission  due  to  foam  and  streaks  on  the  sea 
surface . 

This  section  treats  -  ,  while  r  ,  is  discussed  In  Section  3.3.6* 

aw i  aw£ 

For  tnln  clouds  and  clear  weather  (?  <io)  we  assume  the  signal  beam 

opt  - 

reta  'i  Its  angular  sense.  Gordonl  has  estimated  the  value  of  Taw]  as  a  function 
of  surface  wind  speed  and  signal  zenith  angle,  for  the  Cox  and  Munk^  wave  slope 
distribution,  as  shown  in  Table  3-6  and  Figure  3-7. 

For  thick  clouds  !'00t  '10).  the  energy  Is  modelled  as  being  Incident  on  the 
sea  surface  from  the  entire  hemisphere,  using  the  Fresnel  refraction  equation  (and 


neglecting  wave  effects)  we  find 

T  awl  ’  1  -/ "/2  *<«,>  s1n  «s  *s  (3-7) 

for  Js  ■  signal  zenith  angle 

*d,)  »  Sea  Surface  reflectance  as  a  function  of  zenith  angle, 

«n<l  *d$)  «  [fj  d,)  -  f2d,)jf3d,) _  (3-61 

[fid,)  ♦  f2d,i][f3  (1*1  *  f2ds>] 

for  fjd,)  •  Sln2  (6,)  [n2  ♦  cos  26, ]  (3-9a) 

1/2 

for  f2(6s)  •  sin  9%  sin  26,  I  n2  -  $1n26, !  (3-9b) 

and  f 3( 0S)  •  n2  cos2#s  .  s1n26$  COs  26,.  (3-9c) 

and  n  •  sea-water  Index  of  refraction. 
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Tabl#  3*6.  '»wl  Tint- Averaged  Downlink  Air-Sea  Interface  Transal ttance 
(For  Thin  Clouds,  tppt  £10 ) 
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3. 3. A  (Continued) 

Using  n  •  1.33.  (3-7)  nas  been  evaluated  with  the  result 


rawl  •  0.83.  r00t  >10. 


(3-10) 


Equation  (3-10)  is  an  approximation  since  it  nas  neglected  the  wave  structure  of 
the  surface  and  is  discontinuous  with  the  Topt  <10  values  in  Table  3-6.  we  shall 
use  it  pending  further  analysis  and  experimentation. 

There  is  no  tenlth  angle  dependence  for  thick  clouds  for  Tawl. 
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figure  3-'.  Thin  Cloud  Alr-$ea  Interface  Transelision  as  a  Function  of  Signal 
Zenith  Angle  (0$)  and  Surface  afnd  Speed,  Y 

3. 3. *  (Continued) 

References  for  Section  3.3.4 

1.  J.  Gordon,  Directional  Radiance  I  Luminescence)  of  the  Sea  Surface,  SIO 
Ref.  89-20,  October  1969,  as  cited  In  R.E.  Howarth,  M.E.  Hyde  and 

y.R.  Stone,  "Submarl ne-Ai rcraft  and  Submarine- Sate 11 1 te  Optical  Comnunlca 
tlon  Systems  Model  (U),"  Confidential  Reoort,  NELC-TR-2021 ,  1977. 

2.  C.  Cox  and  a.  Munfc ,  "Statistics  of  the  Sea  Surface  Derived  from  Sun 
Glitter,  J.  Mar.  Research  Yol  13  2.  1954. 
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3.3.5  Air-Water  Angular  Effects  -  Sign*! 

The  wave  slopes  on  the  sea  surface  cause  an  overall  Increase  in  the  beam  diver. 
9ence  of  an  incident  6eaa.  For  the  propagation  path  considered  here,  only  for  the 
thin  cloud  and  clear  weather  cases  (t  opt  <io)  will  this  have  any  effect. 

We  describe  the  statistical  effects  of  the  surface  by  .19/^  ■  half-angle  of  the 
rms  additional  beam  divergence  of  the  radiance  profile.  Adopting  Karp's  unverified 
model  1  we  use  the  expression 


y  •  0.0103  Vi/2,  (r  opt  <101 


(3-  11a} 


for  v  •  surface  wind  speed  In  knots,  and  the  Index  of  refraction  of  sea  water  has 
been  taken  ■  4/3.  Equation  { 3-lla)  is  evaluated  In  Table  3-7  and  Figure  3-8  for  V 
in  knots  (and  */sec  1  and  ,n  radians  (and  degrees). 

The  relative  contribution  of  A9aw  t0  the  distribution  of  radiance  at  the 
receiver  will  be  discussed  in  Section  3.3.8.  Except  for  the  clearest  water  It  is  a 
small  effect  and  so  the  impact  of  neglecting  zenith  angle  effects,  and  dissimilar 
wave  slopes  In  the  downwind  and  crosswind  direction,  may  be  negligible.  We  there¬ 
fore  adopt  this  model,  and 


A0AW  •  o.  T0pt  >10 


until  better  information  Is  available. 


( 3-llb) 


References  for  Section  3.3.5 

l.  As  cited  In  R.E.  Howarth.  M.E.  Hyde,  and  W.R.  Stone.  "Submarine -Aire raft  and 
Submarine  Satellite  Optical  Comnlcatlons  Systems  Model  (U).n  Confidential 
Report.  NELC-TR-2021 .  1977. 
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Table  3-7.  Half-Angle  RMS  Air-Water  Interface  Effects 


V,  Wind  Speed 


A*  AW 


inots 
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Mill  1  radians 

Degrees 
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0 

0 

2 

:  1.03 

14.6 
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3.3.6  Relative  Surface  Foam  Coverage 

The  energy  transmission  of  the  air-water  Interface  Is  composed  of  the  factors: 
:aw  •  f  :aw  D*  (Taw  2>- 

for  *aw  ■  total  energy  transmission  of  the  air-water  Interface 

a*l  »  air  water  Interface  transmission  due  to  Index  of  refraction 
discontinuity 

and  :aw  2  *  a1r  «*ater  Interface  transmission  due  to  foam  and  streaks  on  the 
water  surface. 

This  section  treats  »  2*  f  aw  1  discussed  In  Section  3. 3. A. 

Independent  of  the  cloud  conditions,  a  model  relating  the  fraction  of  surface 
covered  to  the  surface  wind  speed  Is  given  byl 

Cf  •  (1.2  x  10-5)  v3-3,  v  <9m/sec 
and  Cf  •  (1.2  (10-5)  y3.3  (0.225  V  -  0.99);  V  >9ra/sec, 

for  Cf  •  fraction  of  surface  covered 

v  •  surface  wind  speed  In  meters/sec. 

Assuming  the  foam  and  streaks  have  an  albedo  of  l,  the  value  of  raw  ?  1 5  given  by: 

'  Taw  2  ‘  1  -  <1-2  (10-5)  )  v3.3,  y  <  9m/sec I  (3-Ha) 

and  2  •  1  -  (1.2  (10'5))  V3'3  (0.225  V  -  0.99);  V  Jm/sec  (3-14b) 

i - - - 1 

Equations  (3-Ha,  b)  are  evaluated  In  Table  3-8  and  Figure  3-9  for  v  In  meters/sec 
(and  knots). 

Although  this  model  neglects  zenith  angle  effects,  we  shall  adopt  it  pending  further 
experimental  work. 

References  for  Section  3.3.6 

1.  As  cited  in  h.R.  Gordon  and  M.M.  Jacobs,  "Albedo  of  the  Ocean -Atmospheric 
System:  Influence  of  the  Sea  Foam,"  Appl .  Opt.  Vol  16  (8)  pp  2257-2260, 

Aug  1977. 
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(3-13) 
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Table  3-8.  Air-Water  Energy  Transmission  Due  to  Surface  Foam  and  Streaks 
(Assuming  a  foam/streak  albedo  »  1) 


QXDSM3MNA 

«***«•%  >»  urn** 

3.3.7  Mater  Energy  Transmission-Signal 

The  energy  transmission  of  the  water  portion  of  the  propagation  path  is  denoted 

by  r  .  For  most  water  types  and  receiver  depths  the  dominant  cause  of  attenuation 

"  1 

is  the  diffuse  attenuation  coefficient  of  the  water,  k.  We  therefore  use  the  model 

r  *  exp  -  (k  X  (PATH  LENGTH  IN  WATER)  )• 

w 

The  path  lengtn  in  the  water  for  :  t  10  is  given  by: 

0/cos  (:s*). 
for 

D  *  receiver  depth 

: »  in  water  signal  zenith  angle. 

From  Snel  1  's  law, 

n  sin  ( i")  *  Sin  .  (3-15) 


for 

n  •  water  index  of  refraction 
•  ■  in  air  signal  zenith  angle. 

Table  3-9  and  Figure  3- 10  show  the  values  of  Equation  (3-15)  for  n  *  1.33. 

Since  many  areas  of  the  ocean  have  a  layered  structure  for  k,  we  modify  our  basic 
equation  for  clear  weatner  or/thin  cloud  conditions  to  yield: 


k  D  1 

.  a  - 

cos  (;s")  cos  (:$w) 


J 

I  <*,»,) 

i .  i 


where  we  have  assumed  there  are  j  layers  which  differ  in  their  k  values,  but  not 

in  their  indices  of  refraction.  Therefore,  the  adopted  model  for  :  •  10  is 

opt  - 


3-28 


able  3-9.  Relation  Between  In-Air  and  In-Water  Signal  Zenith  Angles 
(Assigning  Sea-Water  Index  of  Refraction,  n  •  1.33) 


— 

,  In-Air  Signal  Zenith  Angle 
s  (Degrees) 

i  ",  In-Water  Signal  Zenith  Angle 

1  (Degrees) 

0 

0 

5 

3.75 

10 

7.48 

15 

11.19 

zo 

14.86 

25 

18.48 

30 

22.02 

35 

25.48 

40 

45 

50 

35.07 

55 

37.91  1 

60 

40.51  j 

65 

42.82  1 

70 

44.81 

?5 

46.42 

30 

47.61 

_ 1! _ i 

48.34 

um  3-10.  Relation  Between  In-Air  and  In-water  Signal  Zenith  Angles 
'Assuring  Sea-Water  Index  of  Refraction,  n  «  1.33) 


3.3.’  (Continued) 


(3- 16a) 


for  tnick  cloud  conditions,  the  energy  peaks  at  cemtn.  Since 
'^usicn  coefficient,  the  thick  cloud  water  energy  transmission  is 


k1  is  an  effective 
given  by 


*  •  exp  - 

* 


J  j 

£  *Vl  .  for  -  >  10 

i-l  ! 


(3-160) 


’h i S  icdel  is  uncertain  in  many  ways: 

;  i;  ’he  value  of  k(  to  use. 
s;i  ’ne  val ues  of  3. . 

.3,  Its  aco’ icaoi  1 1 1>  m  very  clear  water  and,  or  at  snallow  receiver  depths. 

Consequent  1  /.  al  tno-gn  it  's  the  oest  model  availab'e  new.  it  may  oe  revised 
wren  setter  information  oecomes  available. 

Pe  'e rences  *cr  Sect*cn  3.3.' 

1.  R.E.  ho»»arth,  m.£.  nyte  and  a. a.  Stone.  "Submarine  Aircraft  and  Submarine- 
Satellite  Optical  Comnunl cation  Systems  Model  ('J;".  Confioential  Reoort. 
’1£wC-TR-2J2;,  1377. 

i.  *.  Abrjirowiu  and  I. A.  Stegun.  editors,  handbook  of  Mathematical  functions.  MBS , 
Applied  Mathematics  Series  35,  Government  Prating  3f*ice,  Hovetr ter  1970, 
p.  ::S.fc3£-243. 
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3.3.8  Water  Distribution  of  Radiance  -  Signal 

There  is  no  experimentally  verified  expression  for  the  in-water  distribution 
of  signal  radiance  as  a  function  of  incident  beam  col  1 imation,  incident  beam 
zenith  angle,  water  properties,  and  receiver  depth.  Any  model  expression  must 
take  into  account  the  following  items: 

(1)  The  m-air  xenith  angle  of  the  signal; 

U)  The  radiance  distribution  incident  on  the  water; 

; 3 )  The  air-water  interface  effects; 

(4!  The  m-water  zenith  angle  of  the  signal; 

(5)  rhe  in-water  scattering  effects. 

i6)  The  in-wate>-  absorption  effects. 

In  considering  these  last  two.  we  note  that  the  energy  should  decrease  away 
fro*  xenith  due  to  absorption,  and  depending  on  depth  and  the  water  properties, 
we  have  therefore  considered  the  following  zenith  angle  dependencies  for  the 
radiance  at  the  submarine  receiver: 


Uni  fo rrr. 


) 


l  3 )  sin 


WK*< 


3.3.6  (Continued) 


for  •  angle  measured  from  the  axis,  or  principal  ray  direction,  of  the 
in-water  signal  radiance, 

and  t  •  angle  at  wnicn  tne  signal  radiance  reaches  a  benchmark,  i.e.  0  for  (2) 
(3)  and  (4).  and  e'‘  for  (5). 


We  adopt 


(4) 


1-  sin  j" 
sin  ,Q 


because  it  is  easy  to  work  with,  and  appears  to 


give  a  reasonable  representation  of  the  assumed  radiance. 

}„  is  related  to  tne  naif  power  point  of  tne  received  radiance  by  the  equation 


m(\  )•  1 

V#*'  ism*., 
i  .  0 

*  n 

cos  sinSj  *2  cos  jj  -2 

'2  7 2  '2 

m 

(3-17) 

•) 

4. 

i-  cos  i0  -  ; 

3  $  m4-  jg 

c. - — - 

m  « 

COS  »0  sin^  *  2  cos  -2 

•  - 

i 

equation  (3-17)  is  evaluated  m  Table  3-10.  Values  between  those  shown  are 
obtained  by  linear  interpolation. 
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Table  3*10.  Relation  of  Radiance  Zero  Point,  jg,  and  Received  Radiance 
Half-Power  Point,  for  1  -  (sin  ;"/sln  :Q)2  Radiance 

Distribution 


*1  (degrees) 

'i 

;Q  (degrees) 

3.8 

5 

7.6 

10 

11.4 

15 

15.2 

20 

19.0 

25 

22.7 

1  30 

26.5 

!  35 

30.2 

!  40 

33.9 

45 

37.5 

!  50 

41.  1 

1  55 

44.o 

1  60 

48.  1 

j  65 

51.6 

j  70 

54.9 

75 

58.2 

|  dO 

3.3.3  (Continued) 

We  adopt  tne  HOSC  developed  expression  for  the  half-power  point  In  terms  of 
incident  beam  divergence,  air-water  angular  effects  and  In-water  scattering 
effects,  and  add  them  up  as  if  they  were  three  statl stlcal ly*  Independent  effects: 


for 


water  contribution 

• 2 ,  s  D 

-  .  all 


'si 


cos 


t0PT 


(3-18) 


(3-19a) 


•Tnis  is  actually  an  empirical  result,  and  appears  to  fit  the  NOSC  experimental  results. 
A  completely  consistent  theory  of  all  these  effects  would  not  use  the  statistical 
independence  as  the  justification  for  this  expression. 
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3.3.3  (Continued) 


faw  •  (0.0103  V1/2)\ 

topt  -  10 

•  0  ; 

topt  -  10 

nean  squire  single  scattering  angle  in  water 
scattering  coefficient  In  water 
receiver  depth 

m-water  signal  zenith  angle, 
surface  wind  speed  in  knots 
cloud  optical  thickness 
water  Index  of  refraction 

e*2  Irradlance  full  angle  of  In-air  incident  beam. 


(3-1 9b ) 
(3- 19c) 


( 3-19d) 
( 3-19e) 


Equation  3-  19a  is  the  NOSC*  expresssion,  and  contains  the  only  zenith  angle 
dependence  for  the  radiance  distribution.  We  could  modify  it  for  layering  effects 
(•>,  -  s  -  s4;  0  -  0,  and  f  •  :  (f  1)  but  shall  not  at  this  time,  until 

S a  Si<  1  »  W  j  Ni 

further  experimental  results  are  obtained. 

Equations  3-19b  and  3-19c  are  based  on  the  discussion  In  Section  3.3.5. 

Equations  3-19d  Is  the  refraction-corrected  beam  divergence  of  the  collimated 
incident  beam,  again  assualng  a  Gaussian  distribution  in  angle. 

Equations  3-19e  assumes  that  after  penetration  through  thick  clouds  the  light 
has  a  uniform  angular  distribution  at  the  water  surface.  Then,  Snell's  law  Implies 
that  just  below  the  water  surface,  all  the  energy  Is  contained  within  a  solid  angle 
of  half-angle  •  *8.6°,  neglecting  wave  action.  Then,  defining  the  half-power 
angle  as  the  half-angle  of  the  solid  angle  containing  half  of  the  energy,  implies 


i» ii 


3.3.8  (Continued) 

i  -  cos  i  •  j  (1  -  cos  48.6°) 
or,  $  •  33.8°. 

The  radiance  distribution  enters  into  the  expression  for  the  received  energy 
by  the  expression 


f*  1-  /sin 

f  lv  v  :)  '  iTTiTT/ 

- U - - - 

j  i-  ^s  in  }"/< 


/sin  :: 


■  solid  angle  of  the  receiver  , 

..Q  •  full  solid  angle  which  all  the  energy  is  within, 

••p  •  half-angle  of  tne  receiver  field  of  view, 

•  off-set  angle  between  receiver  optica)  axis  and  axis  of  the 
incoming  1 ight  . 

Therefore,  for  the  general  case 


2* 

/  * 

"r  „ 

/ 

w  .  V 

j  sin  * 

f  I  4  1  .  *  1  •  J 

T  R*  *0  * 

J 

2’ 

r 

;u 

• 

I  do 

/  d 

i  w  sin  s  * 

0 

0 

•  cos'*  (cos  *"  cos  5  *  sin  /  sin  4  sin  -}  . 


For  perfect  alignment  between  the  received  light  axis  and  the  receiver 
0).  the  integral  can  be  analytically  evaluated,  with  the  result 


(SDSVUMNA 


3.3.8  (Continued) 

References  for  Section  3.3.8 

1.  R.E.  Howarth,  M.E.  Hyde  and  W.R.  Stone,  "Submarine-Aircraft  and  Submarine- 
Satellite  Optical  Communications  Systems  Model  (U)“,  Confidential  Report, 
NELC-TR2021,  1977. 
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3.3.9  Received  Pulse  Width/ Shape 

There  Is  no  verified  model  which  predicts  the  received  pulse  width  end  shape 
at  the  submarine  receiver  as  a  function  of  cloud  properties,  cloud  height  above  the 
water,  water  properties,  and  the  receiver  field-of-vlew.  We  do  not  attempt  to 
develop  such  a  final  model  here,  but  present  some  reasonable  expressions  for  the 
model  we  propose  to  temporarily  adopt. 

It  Is  the  universal1  experience  of  experimenters  (both  real -world  and  computer 
simulations)  that  after  penetration  of  a  multiple  scattering  medium,  the  received 

pulse  has  a  short  rise  time  and  a  long  fall  time.  Because  of  its  nearness  to  Bucher's 

2 

computer  simulations  (as  shown  in  Figure  3- It)  we  shall  assume  the  underwater 
receiver  sees  a  pulse  shape  given  by 


1  ~ 
;  f(t)  -t,  "■ 

(3-21) 

The  properties  of  this 

form  are  as  fol lows: 

Maximun  value  of 

f(t)  occurs  at  tM  ■  ^ 

(3-22) 

Maximum  value  of 

f(t)  •  e  *'  •  0.368  tM 

(3-23) 

Average  value  of 

t.  defined  as 

1  f  t  f ( t)  dt 

1  o  ' 

)  ’  1 

*  2  Si  • 

(3-24a 

If  f  (t)  d  t  | 

Half  power  points  of  f(t)  occur  at  0.233  t^  and  2.6P  tM, 

so  the  width  between 

half  power  points  ■  2.45  t^,  •  (3-24b) 
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3.3.9  (Continued) 

The  rms  value  of  t,  defined  as 


/  t2  f(t)  d  t 


/  M«M.  ) 


(3-24c) 


~T  -D  2 

Hence  the  variance  of  t  is  given  by  var  t  »  (t  ■  r)  ■  2  tj  , 


and  its  standard  deri 


~7  -7  ^2  r~ 

ation  by  [t  -  t ‘  ]  ■  \  2 


(3-25a) 


(3-25b) 


The  area  under  the  f ( t )  curve  is  given  by 


f  (t)  dt  •  L 


(3-26) 


In  principle  there  are  three  significant  contributions  to  the  received  pulse  width, 
which  we  shall  define  as  the  time  between  half  power  points. 


t„  -  (\t  ♦  it  *  it  )  . 

n  c  cw  w 


(3-27) 


where  we  nave  neglected  the  initial  pulse  width  at  the  transmitter,  assigned  that 
the  effects  add  serially,  not  statistically,  and 

.‘.t  •  pulse  width  due  to  water  portion  of  the  path, 

~,tcw  *  additional  Pulse  width  due  to  cloud-to-water  path. 


J.tc  •  pulse  width  after  emerging  from  the  cloud. 
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Figure  3-13.  In-Water  Pulse  Width  Calculation  Geometry 


3.3.9  (Continued) 

When  the  signal  zenith  angle  is  not  0°,  an  additional  pulse  stretching  occurs, 
as  sho»*i  in  Figure  3-14.  The  effect  is  given  by 


(3-29) 


for  •  signal  zenith  angle. 

Wh^n  thick  clouds  are  in  the  path,  there  is  no  single  zenith  angle  defined  below  the 
clouds,  and  so  this  expression  will  not  apply. 


For  thin  clouds  (*  ,  4  10)  we  have  found  no  verified  expression  for  the 
opt 

cloud  effects  or  the  cloud  to  water  effects.  Since  Equations  (3-28)  and  (3-29) 
already  imply  stretching  to  a  few  hundred  nanoseconds,  we  can  neglect  the  thin 
cloud  effects,  and  take 


-lC  *  °-  Topt  -  10  •  !  (3*30) 

I 

I 

A1 1  zenith  angles 


For  thick  clouds  we  adopt  the  Stotts'*  expression,  (applicable  for  >  0.999)  so  that: 


•■•'c  •  l  I - ^-7  Ul  *  2.2S  *0  :0Pt  •  U  -  '  !  • 

opt  - 

_ All  zenith  angles 


o  opt 


10 


I 


(3-31) 
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Figure  3-14.  Signal  Zenith  Angle  Induced  Additional 
Pulse  Stretching 

3.3.9  (Continued) 

for  7  «  cloud  geometrical  thickness, 

~  *  single  scatter  albedo. 

0 

*  mean  scattering  angle  In  the  cloud. 

Equation  (3-31)  has  been  evaluated  in  Table  3-11  and  Figure  3-15  For  the  typical 
values  of  „o  ^  1 .  •>  •  0.66  rad  (  37'),  and  fixing  T  «  Topt/ 'c  *  25  TQpt  suitable 
for  a  strato-cumul us  cloud.  (Also  shown  for  comparison  is  the  result  estimated  in 
Reference  2.) 

These  values  probably  overestimate  the  pulse  widths  at  the  lower  values  of 
*  but  we  shall  adopt  them  until  a  verified  model  for  all  values  of  Tppt  is 
developed. 

We  use  the  values  from  Table  3-11  for  t  _  »  20,  40,  and  60  along  with  the 

.2  °P* 

normalized  pulse  shape  [7(t)  «  (t^)  t  exp  -  (t/t^)J  to  plot  representative 
pulses  In  Figure  3-16.  The  drastic  dependence  of  the  pulse  height  and  width  on 
optical  thickness  for  the  assumed  model  Is  clearly  seen. 


3-42 


« esqnaa 


(BDsmmn** 


Taole  3-11.  Typical  "Thick"  Cloud  Pulse  Broadening  for  «1, 
■••37°  and  j^Q.OA  0 


Topt*  0pt<ca1  Thickness 

T,  Geometrical  Thickness  (km) 

.'.t  ,  Pulse  Width 
c  (usee) 

10 

0.25 

1.15 

20 

0.5 

3.65 

30 

0.75 

7.08 

40 

1.0 

11.27 

50 

1.25 

16.13 

60 

1.5 

21.55 

70 

1.75 

27.48 

SO 

2.0 

33.93 

90 

2.25 

40.88 

100 

2.5 

48.25 

_ 

.  -.5  Cloud  Induced  Pulse  Stretching  as  a  Function 

of  Optical  Thickness  { •  -o . 04  n'1,  .0*\) 
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Figure  3-16.  Represented ve  Honwalijed  Puls*  Shapes  as  a  Function 
of  Cloud  Optical  Thickness 
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3.3.9  (Continued) 

A  careful  analysis  of  the  thick  cloud  to  water  propagation  region  has  found 
that  It  adds  a  negligible  amount  relative  to  itc  for  reasonable  cloud  properties 
and  cloud  heights.  Hence  we  take 


cw 


0. 


Topt  -  10  ' 


(3-32) 


A1 1  zenith  angles 


Me  therefore  have  adopted  a  complete  model  for  all  effects  and  all  optical 
thicknesses.  It  shall  be  used  further  In  the  next  section. 

References  for  Section  3.3.9 

1.  All  present  at  the  HCSC  sponsored  Cloud  Propagation  Symposium,  March  1978. 

i.  E.A.  Bucher,  “Computer  Simulation  of  Light  Pulse  Propagation  for  Coemunl- 
catlon  through  Thick  Clouds,"  Appl led  Optics  vol  1_2  (10)  pp  2391-2400, 

October  1973. 

3.  l.B.  Stotts.  Closed  Form  Expression  for  Optical  Pulse  Broadening  in  Multiple 
Scattering  Media.*  Appl  led  Optics  vol  1_7  (4)  pp  504-505,  Feb  15,  1978. 
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3.3.10  Overall  Signal  Equations 


The  optical  detection  mechanism  responds  to  the  received  energy  as  a  function 
of  time,  l.e.,  the  instantaneous  optical  power.  The  total  received  optical  energy 
and  the  Instantaneous  optical  power  are  related  by: 


E 


a 


paU)  dt 


(3-33) 


for 

Ea  •  total  received  optical  energy  per  pulse,  and 
fjjU)  •  instantaneous  received  optical  power. 

dr) ting 


?a:t)  •  a£  f ct 5 , 

for  A£  •  normal liation  parameter,  and 
f(t)  •  received  optical  pulse  shape. 


(3-34) 
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3.3.10  (Continued) 

Using  the  received  pulse  shape  of  Section  3.3.9, 

f(t)  •  Up./M,  (3-37) 


(3-38 


(3-39) 


for  t  •  (2.45)**  *  (time  between  half  power  points).  (3-40) 

91 

The  total  received  optical  energy  is  9lven  by  the  range  equation: 

Er  •  (Transmitted  Energy  per  pulse)  X  (Transmitter  optics  transmission)  X 

_ Area  of  the  receiver _ 

Area  of  the  illuminated  spot  at  the  receiver  depth 

(Clear  Atmospheric  Energy  Transmission)  X  (Cloud  Energy  transmission)  X 

(Cloud  to  Hater  Energy  Transmission)  X 

(Air-Hater  Interface  Energy  Transmission)  x  (Hater  Energy  Transmission)  X 
(Receiver  Optics  Transmlss ion)  X 

(Fraction  of  Incident  Radiance  within  Receiver  fleld-of-vlew) .  (3-41) 
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3.3.10  (Continued) 

We  Uke 


''T 

'R 

d 


R 


Transmitted  Energy  per  pulse 
Transmitter  Optics  Transmission 
Receiver  Optics  Transmission 
Diameter  of  Receiver  Aperture 
Range  from  source  to  receiver 
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Area  of  the  Illuminated  spot  at  the  receiver  depth. 

Clear  atmosphere  energy  transmission,  as  di .cussed  In  Section  3.3.1 

Cloud  energy  transmission,  as  discussed  In  Section  3.3.2 

Cloud  to  water  energy  transmission,  as  discussed  In  Section  3.3.3 

Air-water  interface  energy  transmission,  as  discussed  in  Sections  3.3.4 
and  3.3.6 

water  energy  transmission,  as  discussed  in  Section  3.3.7. 

Water  radiance  distribution,  as  discussed  in  Section  3.3.8. 
the  received  optical  energy  is  given  by 


(3-42) 


The  fraction  of  the  Incident  radiance  within  the  receiver  fleld-cf-vlew  is  given 
by  ('or  perfect  alignment  between  beam  axis  and  receiver  axis)  : 


•This  assumes  such  large  spots  that  additional  cloud  and  water  spreading  Is 
negligible. 
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3.3.10  (Continued) 
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for 

•  half  angle  of  the  receiver  fleld-of-vlew 
:  •  off-axis  angle  at  which  incoming  radiance  equals  zero. 

Using  the  model  adopted  (n  Section  3.3.8, 


(3-43) 


(3-4  3a) 


(3-4  3b) 


Using  Equations  (3-42).  (3-44)  and  (3-39)  results  in  the  evaluation  of  the  Instan¬ 
taneous  optical  power  In  terms  of  all  the  other  models. 
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3.4  model  uncertainties 

The  sub-models  contained  in  Section  3.3  have  a  number  of  uncertainties,  due  to 
the  lack  of  available  exper imental  data. 

3.4.1  Energy  Transmission 

The  dear  atmosphere  transmission  is  well  understood  at  all  zenith  angles  of 
interest,  so  the  model  in  Section  3.3.1  has  negligible  uncertainty. 

The  cloud  energy  transmission  is  not  well  understood.  Areas  of  uncertainty, 
not  directly  treated  in  the  present  one-month  planned  experiment*,  Include  the 
transition  /alue  from  thick  to  thin  clouds,  the  incident  zenith  angle  dependence, 
the  very-thick  cloud  (optical  thickness  >50)  behavior,  and  the  Impact  of  the  single 
scatter  albedo  being  less  than  0.9999.  Therefore,  future  work  may  modify  the  model 
in  Section  3.3.2. 

The  cloud-to-water  energy  transmission  is  a  small  effect  and  the  model  in 
Section  3.3.3  should  stand. 

The  air  water  interface  transmission  model  in  Section  3.3.4  and  3.3.6  has 
little  exper imental  veri f ication,  and  may  require. modi ficat ion  in  the  high  wind 
speed/large  zenith  angle  regime. 

The  water  energy  transml ssion  Is  not  well  understood.  There  are  uncertainties 
with  regard  to  the  correct  characterization  of  water  loss  (absorption  with  a  large 
fraction  of  scattering),  to  thick  cloud  effects  (is  there  extra  water  loss  here  if 
the  water  loss  coefficient  is  given  by  the  diffuse  attenuation  coefficient?). 
Experimental  results  support  the  difference  (up  to  7  dB)  between  thick  and  thin 
cloud  received  energy  over  a  particular  fle!d-of-view  for  one  type  of  water  at  less 
than  operational  depths,  but  no  absolute  results  exist.  This  area  of  uncertainty 
needs  to  be  resolved  for  the  depths  of  interest  and  different  water  types. 
Therefore,  the  model  in  Section  3.3.7  may  be  modified  in  the  future. 

3.4.2  Angular  Effects 

The  STOP*  model  in  Section  3.3.5  and  3.3.3  is  uncertain  in  two  key  areas:  the 
shape  of  the  received  radiance  distribution  (including  its  zenith  angle  dependency 
which  may  be  a  small  effect),  and  the  angular  extent  of  this  radiance  in  clear  and 
doudy  conditions.  The  present  model  is  based  on  experimental  results  at  shallow 


*  To  be  performed  in  August 'September,  1979. 
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3.4.2  (Continued) 

depths,  with  one  type  of  water  and  for  snail  beans  Incident  on  the  water  (clear 
weather),  or  the  sun  (thin  to  median  cloudy  weather).  This  model  assumes  that  the 
In-water,  air-water  Interface,  and  Incident  angular  distributions  add  In  a  root  sun 
of  squares  fashion,  irfiich  is  highly  suspect  when  comparable  values  arise  from  more 
than  one  contributor,  e.g.,  the  th1<k  cloud  contribution  (modelled  as  diffuse  light 
hitting  the  water)  and  the  In-water  scattering. 

This  uncertainty  has  a  large  effect  on  SMR  and  hardware  (the  fleld-of-vlew 
requirements  Interact  strongly  with  the  filter  size  and  optical  bandpass)  and  needs 
to  be  resolved  'or  the  depths  of  interest,  different  water  types  and  clear  through 
cloudy  weather. 

3.4.3  Temporal  Effects 

The  model  In  Section  3.3.9  for  pulse  shape  and  pulse  width  In  the  SPOPH  Is 
uncertain  for  both  thin  and  thick  cloud  conditions,  and  needs  to  be  experimentally 
verl f led. 

Consider  the  zenith  angle/field-of-vlew  dependence  of  the  received  pulse  width 
in  clear  weather/thin  cloud  condition.  !t  may  be  that  pulses  more  than  a  few 
attenuation  lengths  in  duration  are  unlikely,  or  that  far  longer  pulses  may  arise  In 
clearer  water  conditions.  (A  related  issue  is  the  manner  in  which  the  varied 
temporal  effects  add  up.)  This  implies  a  large  spread  In  values,  for  the 
pulsewidth,  resulting  in  large  s i goal -t o-no i se  ratio  effects  (up  toVlO,  at  least), 
and  needs  to  be  resolved  for  a  receiver  at  operational  depths  and  in  varied  water 
types. 

A  f  .rther  uncertainty  involves  an  Interaction  among  energy  transmission,  fleld- 
of-vlew  and  t ime-of-arr 1 val .  Does  the  energy  arriving  from  the  "edge"  of  the  field 
arrive  late  enough  to  be  useless  in  signal  demodulation?  This  should  also  be 
experimentally  ascertained,  since  no  time-resolved  underwater  experimental  results 
(i.e.,  for  short-pulse  sources)  presently  exist. 

(We  do  not  consider  here  a  filter  which  causes  additional  pulse  distortion.  If 
such  a  filter  does  become  the  leading  candidate  for  OSCAR  implementation,  the  model 
for  both  thin  and  thick  clouds  would  have  to  be  changed.) 

Table  3-12  summarizes  the  uncertainty  status  of  the  signal  portion  of  the 
SPOP*. 
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Table  3-12.  Status  of  Signal  Portion  Models  of  SPDPM 


— 

i 

1 

— 

THIN  cloud 

THICK  CLOUD 

COMMENTS  ON 
EXPERIMENTAL  WORK 
REQUIRED 

ENERGY  TRANSMISSION 

Clear  Atmosphere 

OK 

Not  applicable 

1 

None 

Cloud 

i 

Unknown,  but 
small  effect 

Unknown 

First  experiment  planned. 
Extrapolation  TBO. 

Cloud  to  Water 

Not  applicable 

OK 

None 

Air-Water  Interface 

OK,  at  small 
zenith  ■Ts 

OK 

Minor 

Water 

Unknown 

Unknown 

Needed 

ANGULAR  EFFECTS 

« 

Shape 

Partial 1y 
verl fled 

Partial  ly 
verl fled 

Should  be  done 

Out-of-Water 

Contribution 

1 

OK 

Partial  ly 
verl fled 

Should  be  done  If  other 
related  work  Is  planned. 

In-Water  Contribution 

Partial  ly 
verified 

Partial ly 
verl fled 

Needed  for  depth  and 
water  type. 

Combination  of  Effects 

Partial  ly 
verl fled 

Unknown 

Needed 

TEMPORAL  EFFECTS 

1 

1  Shape 

Unknown 

Unknown 

Needed 

;  Cloud 

Not  applicable 

Unknown 

Needed 

j 

Cloud  to  Water 

Unknown 

Not  applicable 

1 

Needed  1 

Water 

Unknown 

OK  (small 
effect) 

Needed 

Combination  of  Effects 

i 

Unknown 

OK  (cloud 
dominates) 

Needed 

I 

i  t 
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3.5  "PARAMETER  VALUE"  UNCERTAINTIES 

There  ere  two  level  of  parameter  uncertainties:  the  details  of  the  input 
paraneters  to  the  SPOPM  submodels,  and  the  overall  data  base  developments.  This 
section  only  considers  the  details  of  the  input  parameters;  the  overall  data  bases 
are  discussed  in  Section  5.6  and  6.6*. 

3.5.1  Cloud 

There  are  numerous  uncertainties  in  SPDPN  inputs. 

The  inputs  to  the  SPOPM  include: 

*-cos<*>"  mean  value  of  cosine  of  the  single  scattering  angle.  NOSC  has  set  it 
■  0.375  in  their  data  base,  but  it  is  an  inferred,  not  a  measured,  result.  It  is 
uncertain,  but  has  a  small  impact. 

••  •  rms  angle  for  single  scattering  within  the  cloud.  NOSC  has  set  this 
•  0.64  radian.  Again  it  is  an  inferred  and  not  measured  result,  but  appears  to  have 
little  impact. 

*j  (Single  scattering  albedo)*  0.9999,  but  0.999  or  even  0.99  may  be  more 
appropriate  for  some  clouds.  The  impact  of  the  smaller  value,  for  very  thick 
clouds,  is  less  pulse  stretching  and  less  energy  transmission. 

*c  ■  average  extinction  coefficient  of  the  cloud.  This  depends  both  on  and 
the  particle  density  (as  a  function  of  particle  size)  in  the  cloud,  n(r).  is  not 
completely  known  as  discussed  above,  while  n(r)  is  measured  by  instruments  which  may 
have  errors  from  to  \0CZ.  Therefore,  r  for  a  given  cloud  type  must  be 
considered  as  uncertain. 

T  •  geometric  thickness  of  the  cloud  (note,  octical  thickness  •  ?CT).  This  is 
uncertain  for  a  given  cloud  type  (all  stratus  clouds  do  not  have  the  same  thickness, 
of  course)  and  poorly  defined  if  the  cloud  surface  is  non-uniform.  In  addition, 
according  to  the  SP0?M  model,  it  has  a  greater  impact  on  pulse  stretching  than 
does  *  . 


*  Moreover  only  the  uncertainties  of  the  environmental  parameter  are  considered 
here.  The  system  design  parameters  are  described  in  Section  5.6. 
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3.5.2  Air  Water  Interface 

There  are  uncertainties  In  the  values  of  wind  speed  to  use,  and  this  may  have 
significant  Impact  In  bad  conditions.  For  winds  less  than  20  kts,  any  uncertainty 
in  the  value  has  a  negligible  Impact. 

3.5.3  Water 

There  are  many  uncertainties  In  the  water  parameters.  The  inputs  to  the  SPDPM 
1 nc 1 ude : 

•  diffuse  attenuation  coefficient  of  the  i'th  water  layer.  The  values 
presented  by  NOSC  are  uncertain  in  absolute  magnitude,  but  the  wavelength  trend  Is 
correct. 

01  •  thickness  of  the  i'th  water  layer.  It  is  uncertain  and  has  a  significant 
impact  on  the  system  if  the  upper  dirty  water  layer  is  thin  compared  to  the 
operational  depth. 

•  RMS  angle  for  a  single  scattering  event  in  the  water.  The  value  provided 
by  NOSC  is  uncertain  since  It  is  based  on  an  empirical  fit  to  data  at  shallow  depths 
and  for  one  type  of  water.  This  uncertainty  could  have  a  large  mpact  on  the 
required  clear  weather  receiver  field  of  view. 

S  •  Scattering  coefficient  for  the  entire  path.  It  is  uncertain  whether  its 
value  should  be  taken  independent  of  depth,  and  in  its  absolute  value  for  all  water 
types. 

n  -  water  index  of  refraction.  No  uncertainty. 

rable  3-13  sianmarijes  the  uncertainty  status  of  all  the  parameters  for  the 
signal  portion  of  the  SPOPm. 
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Table  3-13.  Status  of  "Input  Parameters"  to  the  Signal  Portion  of  the  SPDPM 


PARAMETER 

i - 

i  STATUS 

r  —  ■  —  -  ■  1  ■ 

COMMENTS  ON  EXPERIMENTAL  WORK  REQUIRED 

Clear  Atmosphere 

I  OK 

None 

Cloud: 

! 

<xos  ••  • 

OK 

None 

•> 

1  (X 

None 

*0 

: Partial 1y 

known 

No  direct  experiment  possible 

;c 

Partial ly 

known 

Some  work  is  planned  during  first  cloud 
experiment.  Equipment  may  be  too  innacurate 
for  good  results 

T 

\  Partai 1 ly 

known 

Interpretation  of  data  required 

Cloud- to- Water 

OK 

None 

Air  water  Interface 

Ok,  for  low 
wind  speed 

Some  required  for  bad  conditions. 

Water : 

*1 

Partial ly 

known 

Required  if  not  done  by  other  contractors 

3l 

Partial ly 

known 

Required  if  available  data  not  able  to  be 
interpreted. 

'si 

Partial ly 

known 

Required  as  a  function  of  depth  and  water 
type. 

S 

Partial ly 

known 

May  become  available  for  surface  water  from 
ongoing  work.  Needed  for  water  at  depth. 

n 

OK 

None 

Section  4 

SINGLE  PULSE  DOWNLINK  PROPAGATION  MOOEL  -  NOISE 

This  section  discusses  the  model  for  the  propagation  of  the  noise  relative  to 
a  single  signal  pulse.  The  section  is  organized  as  follows: 

4.*  Model  Philosophy  and  Flow  Chart  -  Noise 

4.1.1  Philosophy  of  Approach  -  Noise 

4.1.2  Model  Flow  Chart  -  Noise 

4.2  Input  Information  for  Noise  Calculations 

4.2.1  Sources 

4.2.2  Clear  Atmosphere 

4.2.3  Cloud 

4.2.4  Cloud  to  Water 

4.2.5  Water 

4.2.6  Air, Water  Interface 

4.2.7  Receiver 

4.2.8  Signal  Characteristics 

4.3  Sub-Models 

4.3.1  Clear  Atmosphere  Transmission  -  Noise 

4.3.2  Cloud  Energy  Transmission  -  Noise 

4.3.3  Cloud  to  Water  Energy  Transmission  -  Noise 

4.3.4  Air-Water  Interface  Transmission  -  Noise 

4.3.5  Air-Water  Interface  Angular  Effects  -  Noise 

4.3.6  Relative  Surface  Foam  Coverage 

4.3.7  Water  Energy  Transmission  -  Noise 
4.3.°  Water  Distribution  of  Radiance  -  Noise 

4.3.9  Detection  Bandwidth 

4.3.10  Average  Background  Power  due  to  Sunlight 

4.3.11  Average  Background  Power  due  to  Moonlight 

4.3.12  Average  Background  Power  due  to  Blue  Skylight 

4.3.13  Average  Background  Power  due  to  Stellar/Zodiacal  Lig'^t 


4-1 


(BDsmumma 


4.  (Continued) 

4.3.14  Average  Background  Power  due  to  Bioluminescence 

4.3.15  Noise  Equivalent  Optical  Power  Dependence  on  Noise  Sources 

4.4  Computer  Program  for  Complete  SPOPM 

4.4.1  Introduction 

4.4.2  Names  of  Variables 

4.4.3  Listing 

4.5  Model  Uncertainties 

4.5.1  Average  Power  Transmission 

4.5.2  Angular  Effects 

4.5.3  Temporal  Effects 

4.6  Parameter  Value  Uncertainties 


I 
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4.1  Model  Philosophy  and  flow  Chart-Noise 

This  section  considers  the  basic  aoproach  used  In  the  detailed  models  pre¬ 
sented  In  Section  4.3,  and  presents  flow  charts  showing  the  Inter-relationship  of 
the  sub-models  and  their  required  Inputs.  (These  Inputs  are  discussed  In  more 
detai 1  In  Section  4.2) . 

4.1.1  Philosophy  of  Approach  -  Noise 

Since  all  the  background  sources  that  must  propagate  through  clouds  are  con¬ 
tinuous  In  time,  that  part  of  the  modeling  related  to  the  temporal  effects  Is  not 
present  here.  This  simplifies  the  noise  modeling. 

On  the  other  hand,  the  sources  of  the  noise  are  so  different  (sun,  moon,  sky¬ 
light.  star-light,  bio  luminescence,  shot  noise  in  the  receiver  amplifier,  detector 
dark  current,  etc.),  that  It  has  been  difficult  to  develop  a  single  unified  approach 
to  all  of  them.  The  approach,  therefore.  Is  to: 

(1)  Express  the  noise  contribution  as  a  noise-equivalent-optical-power, 
(NEPyg-)  which  Is  the  root  sun  of  squares  of  all  the  noise-equivalent- 
optical  power  contributions  o'  the  Individual  noise  components.  The 
hEP-gT  is  then  directly  comparable  to  the  instantaneous  received  optical 
power  Pp(t)  developed  In  Section  3,  and  the  signal-to-nolse  ratio  Is 
PR/NEP7gy.  for  the  peak  value  of  the  received  signal  power; 

(2)  Take  the  out-of-water  background  sources  in  terms  of  equivalent  exo- 
atmospherlc  radiances,  and  then  their  propagation  through  the  atmosphere 
and  water  path  is  treated  In  parallel  with  the  signal  energy  transmis¬ 
sion  of  Section  3.3.  The  angular  effects  and  noise  radiance  distribu¬ 
tion  are  also  treated  in  a  manner  similar  to  that  of  the  signal  in 
Section  3; 

(3)  Take  the  noise  contributions  of  the  background  sources  as  the  1-slgma 
point  in  the  fluctuations  generated  In  the  signal  current  by  their  steady 
presence,  and  express  their  contributions  In  terms  of  an  equivalent 
optical  power; 

(4)  Treat  the  amplifier  shot  noise,  detector  dark  current  and  signal  shot 
noise  In  the  standard  way,  and  express  their  contributions  in  terms  of  an 
equivalent  optical  power; 
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(5)  Present  the  modeling  In  a  modular  fashion,  so  that  the  effect  of  each 
portion  of  the  path  Is  evident.  In  addition,  as  further  experiments 
and  analyses  are  undertaken,  pieces  of  the  model  may  be  upgraded 
without  requiring  extensive  modifications  to  the  total  model; 

(6)  Separate  the  cloud  conditions  Into  clear/thin  cloud  corresponding  to  an 
optical  thickness  (T0py)<10.  and  thick  cloud  for  TqpT>10.  Below  TqPTb10 
one  set  of  sub-models  Is  assumed  to  apply,  while  above  it  a  different  set 
applies.  In  many  cases  these  sub-models  do  not  correspond  at  TQpra10, 
and  so  the  overall  model  should  only  be  used  for  Tgpj<10  and  iQpy>>10. 
(Further  analysis  and  experiments  on  the  "multiple  forward  scattering" 
region  should  enable  the  sub-models  to  be  upgraded,  and  this  Inconsistency 
removed) . 

(7)  Assume  appropriate  and  simple  analytic  forms  for  at-present  unknown  func¬ 
tions  such  as  the  radiance  distributions.  This  enables  us  to  present 
analytic  results  (except  for  the  receiver  axis  offset  from  the  beam  axis 
of  the  Incident  radiation),  which  Is  an  aid  to  a  physical  understanding 
of  the  situation. 
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4.1.2  Model  Flow  Chart-Noise 


A  schematic  of  the  overall  downlink  single  pulse  noise  equivalent  power  prop¬ 
agation  model  Is  shown  In  Figure  4-1.  Given  the  Input  parameters,  the  path  energy 
transmission  and  angular  and  radiance  distributions  are  derived  for  the  four  "exo- 
atmospherlc"  background  sources.  Then,  using  additional  Input  data,  the  average 
background  power  for  all  background  sources  is  derived,  and  the  noise-equivalent 
optical  power  for  all  the  noise  components. 

Figure  4-2  is  a  detailed  flow  diagram  of  the  direct  sunlight  contribution, 
showing  the  calculations  that  must  occur  to  arrive  at  the  required  output.  (The 
flow  charts  for  the  moonlight,  blue  sky-light  and  starlight/todlacal  light  are 
identical  to  this  one.  while  the  simpler  one  for  the  biolumlnscence  Is  shown  In 
Figure  4-3) : 

(I)  The  input  parameters  are  listed  in  the  eight  ellipses  on  the  left  hand 
side  of  the  figure,  including  source,  clear  atmosphere,  cloud,  cloud  to 
water,  air/water  Interface,  water,  receiver  and  signal  characteristic 
parameters.  (The  symbols  are  defined  in  the  glossary  in  Section  2,  and 
also  in  the  input  discussion  in  Section  4.2): 

(II)  The  calculation  equations  are  represented  by  the  rectangular  boxes. 

Within  each  box  is  the  symbol  for  the  parameter  to  be  calculated  and  the 
equation  rnxnber  (from  Section  4.3)  for  the  equation  to  be  used  to  calcu¬ 
late  that  parameter. 

The  first  quantity  calculated  Is  the  cloud  optical  thickness,  tqpT* 
since  this  determines  which  equation  should  be  used  to  calculate  many 
other  parameters.  Whenever  //  appears  in  a  rectangular  box,  the  equation 
nianber  preceeding  it  refers  to  tqPT  10,  while  the  equation  number 
following  it  refers  to  tqpt  ^10.  Hence,  given  the  value  of  t0PT.  the 
rest  of  the  models  to  be  used  are  specifically  determined. 

(Ill)  The  second  set  of  calculations  performed  are  of  two  types: 

(a)  Path  transmission.  Including  t  ',  t  ’,  t  ' ,  -  and  t 

fl  C  CW  W  W 

(b)  Angular  and  radiance  distribution  Including  f  ,  f  ,  f  ,  a  and 

0  all  W  0 

f'  l**.  *  o* 

'  R  *o'  '* 


a* 


Figure  4-1.  Schematic  of  Typical  Single-Pulse  Noise  Equivalent 
Power  Downlink  Propagation  Model 


4.1.2  (Continued) 

(IV)  The  path  transmission,  angular  and  radiance  distribution,  source  and 
receiver  parameters  are  then  used  to  calculate  the  average  background 
power  due  to  that  source. 

(V)  The  total  average  background  power  due  to  all  sources  Is  then  calculated; 

(vl)  The  total  average  background  power,  receiver  and  signal  characteristics 
are  t;ien  used  to  calculate  the  total  noise  equivalent  optical  power. 

Figure  4-3  shows  the  flow  chart  for  calculating  the  average  background 
power  due  to  ololumlnescence,  PgL-  This  value  of  PfiL  enter  Into 
Figure  4-2  in  the  ZPj!  calculations. 
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Figure  4-2.  Flow  Diagram  of  Single-Pulse 
Downlink  ropayatlon  Model 
(Noise) 
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Figure  4-3.  Flow  Olagram  of  Single-Pulse  Downlink.  Propagation 
Model  Noise  due  to  Bioluminescence 


4.2  Input  Information  for  Noise  Calculation 

This  section  discusses  the  form  (and  values  In  some  cases)  of  the  required 
Inputs  to  the  noise  model.  In  terms  of  the  eight  categories:  source,  clear 
atmosphere,  cloud,  cloud  to  water,  air/water  Interface,  water,  receiver  and 
signal  characteristics. 

4.2.1  Source 

*  There  are  five  sources  of  the  average  background,  which  are  treated  here  as 
Independent.  These  sources  are:  sunlight;  moonlight;  blue  sky-light;  starlight/ 
zodiacal  light;  and  bio luminescence. 

It  is  expected  that  these  sources  will  be  treated  rationally  when  using  them 
as  Inputs,  so  that  when  sunlight  Is  present,  only  the  blue-skylight  will  be  expected 
with  a  non-zero  value;  and  when  moonlight  Is  considered  to  be  non-zero,  only  the 
star! Ight/ zodiacal  light  and  bioluminescence  will  be  used  with  non-zero  values. 


Me  consider  each  of  the  five  sources  separately. 

SMU 

Symbol  Description 

The  half-angle  subtended  by  the  sun  at  the 
earth.  Its  value  Is  taken  as' 

4.65  10-3  radians. 

Ls  Effective  exo -atmospheric  spectral  radiance  of 

the  sun.  This  Is  the  result  of  taking  the 
exo-atmospherlc  Irradlance  of  the  sun  and 
treating  it  as  a  heml spheral  source.  The 
result  is2  (2000/*')  ■  635.62  watts/ (meters)2 
(sterad1ans)(m1cron)  over  the  blue-green 
region. 


Units 

Radians 


Watts/ (meters) 2 
( s teradl ans ) x (ml crons ) 
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4.2.1  (Continued) 


Moon 

Symbol 

~m/2 


L 


m 


Description  Units 

The  he  If -angle  subtended  by  the  moon  at  the 
earth.  Its  value  Is  equal  to3  6^  * 

4.65  (!0'3)  radians. 

Effective  exo-atmospherlc  spectral  radiance 
of  the  moon.  As  for  the  sun.  this  Is  the 
result  of  taking  the  exo-atmospherlc  Irradlance 
of  the  moon  and  taking  It  as  a  hemispherical 
source.  The  result  Is*  (4.3/*)  (10*3)  • 

1.37  (10  3)  watts/ (meters (Steradlans) 

(microns)  for  a  full  moon  In  the  blue-green 
region. 


Radians 


_ Haiii _ 

(Meters)  (Sterad1ans)(M1crons) 


Blue  Skyl Iqht 

Symbol  (Description  Units 

Effective  exo-atmospherlc  spectral  Watts 

O  ■»  —  . — 

radiance  of  the  blue-sky  light.  This  (Metersr(Sterad1ans)(M1crons) 

Is  estimated  from  a  private  conmunl- 
catlon  (from  i.  Stotts  of  NOSC)  to  be 
100  watts/  |(meter)^  (srad)  (mlcron)J. 


i 


i 

i 
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4.2.1  (Continued) 

Starlight/Zodiacal  Light 

Symbol  Description 

1*2  Effective  exo -a t*io spheric  spectral 

radiance  due  to  all  non-lunar  night  time 
sources.  The  value6  Is  3  (10”6)  [watts/ 
(meters)2(srad)(m1cron)]  In  the  blue-green 
spectral  region. 

Bioluminescence 

Symbol  Description 

lBL  Spectral  irradlance  of  the  ambient 

bioluminesce  sources  at  the  aperture  of 
the  submarine  receiver.  The  value  for 
this  parameter  Is  least  well  known  of  all 
the  background  contributors .  We  use  the 
values  provided  In  the  SAOCS  RFP,  so 
that'  1^  •  ( 10  watts/m2  microns. 


Units 

[Watts/ (meters)2 
(Steradlans) (microns)] 


Units 

[Watts/ (meters)2 
(microns)] 


4.2.2  Clear  Atmosphere 

The  required  parameters  are: 

Symbol  Description 

b  Effective  clear  atmospheric  optical  thickness. 

For  a  zenith  transmission  of  70t;  b  ■  0.357 

:$u  In-air  solar  zenith  angle 

s  In-air  lunar  zenith  angle 


Units 


Radians 


Radians 


4.2,3  Cloud 

The  required  parameters  are: 


Symbol 

Description 

Units 

T 

Geometric  or  physical  thickness  of  the  cloud. 

Meters 

-c 

Average  extinction  coefficient  of  the  cloud. 

(Meters)' 

JSu 

In-air  solar  zenith  angle 

Radians 

A 

vmu 

In-air  lunar  zenith  angle 

Radians 

•cos  *> 

The  average  value  of  the  cosine  of  the 
scattering  angle  for  single  scattering  within 

the  cloud. 

-o 

Single  scattering  albedo  of  a  cloud  particle 

4.2.4 

Cloud  to  Water 

No 

parameters  in  this  area  affect  the  noise  properties. 

4.2.5 

Water 

The  required  parameters  are: 

Symbol 

Description 

Units 

k1 

Diffuse  attenuation  coefficient  of  the  i’th  water 

layer. 

(Meters) 

°1 

Thickness  of  the  1'th  water  layer 

(Meters) 

'SU 

In-water  Solar  Zenith  Angle 

Radians 

w 

* 

'mu 

In-water  Lunar  Zenith  Angle 

Radians 

n 

Water  Index  of  refraction 

%I 

Root-Mean-Square  angle  for  a  single  scattering 
event  in  the  water. 

Radians 

s 

Scattering  coefficient  for  the  entire  wate»-  path 

(Meters ) 

0 

Depth  of  the  submarine  receiver 

Meters 
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4.2.6  Air/Water  Interface 

The  required  parameters  are: 


Symbol 

Description 

Units 

’*su 

In-air  solar  zenith  angle 

Radians 

a 

'mu 

In-air  lunar  zenith  angle 

Radians 

V 

Surface  Wind  Speed 

Meters/Second 

n 

Water  Index  of  Refraction 

4.2.7  Receiver 

The 

required  parameters  are: 

Symbol 

Description 

Units 

"r 

Half-angle  of  the  receiver  field  of  view 

Radians 

* 

Off-set  angle  between  the  in-water  noise  source 
beam  and  the  receiver  optical  axis 

Radians 

'R 

Transmission  of  the  receiver  optical  chain 

d 

Diameter  of  the  receiver  optical  apert;.-'* 

Meters 

Bopt 

Passband  of  the  optical  filter 

Microns 

(kT) 

Thermal  Noise  contribution  in  the  amplifier 

Joules 

F 

a 

Excess  amplifier  noise  over  thermal  noise 

G 

Gain  of  the  photo -detector 

(~e/h-  ) 

Responsivity  of  the  photo-surface 

Amps/Watts 

\ 

Load  Resistance  following  the  photo-detector 

Ohms 

Jd 

Dark  current  at  the  detector  cathode 

Amps 

F 

Excess  noise  In  the  photo-detector  gain 

0 

Depth  of  the  submarine  receiver 

Meters 
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4.2.8  Signal  Characteristics 


Two  parameters  from  the  signal  characteristics  which  enter  Into  the  Noise 

calculations  are: 

Symbol  Description  Unit 

tM  Time  after  pulse  Initiation  at  which  It  peaks.  Seconds 

for  a  t  exp  -  (t/tM)  shape. 

A 

Peak  value  of  the  received  optical  signal  power.  Watts 

References  for  Section  4,2 

1.  Handbook  of  Geophysics.  Revised  Edition  (The  MacMillan  Co.,  New  York,  1 960 ) 
pp  17-1.  17-2. 

2.  Reference  1,  p  16-15,  Figure  16-10. 

3.  R.C.  Haynes.  Introduction  to  Space  Science.  John  Wiley  and  Sons,  (New  York, 

1971)  pp  4-5. 

4.  w.K.  Pratt,  Laser  Communication  Systems.  John  Wiley  and  Sons  (New  York,  1969) 
p.  123,  Figure  6-9. 

5.  Reference  4.  p  121.  Figure  6-6. 

6.  Reference  4,  p  122.  Figure  6-7. 

7.  T.  Flow.  P.J.  Tltterton.  et  al,  "Optical  Submarine  Communication  by  Aerospace 
Relay  (OSCAR),"  Secret  Report,  Interim  Report  No.  2,  Nay  1,  1978,  Contract 
No.  N00039-77-C-0100.  p  3-22  to  3-24. 


4.3  SU8-M00CLS 

This  section  develops  ell  the  equations  used  In  the  calculation  of  the  noise 
contribution  to  the  total  noise  equivalent  optical  power. 

Sections  4.3.1.  4.3.2.  4.3.3.  4.3.4.  4.3.6,  and  4.3.7  consider  the  path  trans 
mission  of  the  energy. 

Sections  4.3.5  and  4.3.8  consider  the  angular  effects  and  the  distribution  of 
the  received  radiance. 

Section  4.3.9  considers  the  electrical  detection  bandwidth  In  terns  of  the 
received  pulse  width. 

In  each  of  these  sections,  after  the  equations  are  developed  they  are  evalu¬ 
ated  for  typical  cases  in  both  tables  and  figures. 

Sections  4.3.10  through  4.3.14  then  derive  the  average  background  optical 
power  for  the  five  types  of  background  sources,  and  Section  4.3.15  presents  the 
expression  for  the  total  noise  equivalent  optical  power  due  to  all  noise  sources. 


4.3.1  Clear  Atmospheric  Transmission-Noise 


In  the  absence  of  any  clouds  or  aerosols,  the  clear  atmospheric  transmission 
is  described  by  the  term  t  Using  the  approximate  AFCRl  model',  the  solar  (or 
lunar)  zenith  angle  dependence  Is  given  by: 


Ta'  •  exp  (-b  sec  «  ). 


(4-la,b) 


for  :  *  •  solar  (or  lunar)  clear  atmospheric  transmission 
b  ■  effective  clear  atmosphere  optical  thickness 


:  •  solar  zenith  angle. 


(For  the  lunar  case,  ;  is  replaced  by  i  •  lunar  zenith  angle.) 

S  U  mU 

The  typical  value  of  b  is  determined  by 


"  0)  "  0-7  •  «*P  (-b). 

u  JU 


or  b  •  0.357  . 

Table  4-1  and  Figure  4-4  show  the  values  of  r  ‘  as  a  function  of  solar  zenith 

fl 

angle. 

The  other  two  out-of-water  sources  of  background  radiation  are  taken  as 
uniformly  distributed  over  the  hemisphere.  Then  the  effective  atmospheric  trans¬ 
mission  is  weighted  by  the  transmission  at  each  zenith  angle,  or,  for  the  blue-sky 
and  the  stellar  sources. 


'a 


d  *  exp  -  [b  sec 


(J  w 


a 


-  E2(b) 

for  blue  sky  or  stellar  background. 


(4-1c.  d) 
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Table  4-1.  Typical  Clear  Atmospheric  Transmission  (b«0.357) 


su 


.  Solar  Zenith  Angle 


Clear  Atmospheric  Transmission 


0 

0.7 

10 

0.7 

20 

0.68 

30 

0.66 

40 

0.63 

50 

0.57 

60 

0.49 

70 

0.35 

30 

0.13 

1.3 


3.* 


3.’ 


3.6 


3.5 


’.6 


3.3 


3.3 


3.! 

3 


figure  4-4.  Typical  Clear  Atmospheric  Transmission  (b  ■  0.357) 


aiDSMiM** 

2 

with  £j(b)  ■  exponential  Integral  . 

For  b  ■  0.357,  E,  (0.357)  •  0.42. 

References  for  Section  4.3.1 

1.  R.  A.  McClatchey,  R.  W.  Fenn.  J.  E.  A.  Selby,  F.  E.  Vol*  and  J.  S.  Garing 
“Optical  Prooerties  of  the  Atmosphere  (Revised)"  AFCRl-71-0279,  10  May  1971. 

2.  M.  Abramowi tz  and  I.  A.  Stegun.  editor.  Handbook  of  Mathematical  Functions. 
NBS  Applied  Mathematics  Series  35.  Government  Printing  Office.  November  1970. 

p  228. 
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4.3.2  Cloud  Energy  Transmission  -  Noise 

The  transmission  of  sunlight  or  moonlight  by  clouds  does  not  have  an  experi¬ 
mentally  verified  expression.  Most  work  In  cloud  transmission  has  been  a  broadband 
treatment  of  transmitted  Irradiance  (watts/nr),  and  there  have  been  no  experiments 
which  collected  the  total  energy  emerging  from  thick  or  thin  clouds. 

We  propose  to  adopt  a  nvnber  of  different  (but  consistent)  models,  depending 
on  the  characteristics  of  the  noise  source. 

For  the  sun  and  moon  we  shall  adopt  the  same  model  as  for  the  signal 
(Section  3.3.2)  with  the  exception  that  both  the  sunlight  and  moonlight  do  spread 
out  with  zenith  angle,  and  thus  the  extra  cosine  factor  Is  always  present. 


Therefore,  for  the  sun 


( 1  -  -  cos 


♦  1.42 1  |cos  :suj  jL69  _  °-5513  *su 


♦  2.7173  -  6.9866  :?  ♦  7.1446  -  3.4249  t* 

Su  SU  SU  SU 


0.6155  t‘u{.  J  :  V>(l-<C0^')  | -0PT  •  fT^} 

j««n -[yj  (i-c<»5-)  o-.0) 

1  -  •»»  -  [2  yr  (1-  j-0PT  *  f^rj] 


exp  ^3  (l-^cos*-*)  ( 1*~Q) 


for  : 


opt  >  10; 


(4.2a) 


P-  0-085  'opt 


r — — I*  [cot  ,,i 

[10(1-  <cos  9>)  ♦  1.42J|  L  SUJ 


«  •  C0S  *su* 


for  Topt  <  10; 


for  Topt  *  °* 


(4-2b) 


(4-2c) 


9 


I1-0-*5  ;o« ! 


••«»’>)  *  1.4."]  |  (cos  :m) 2  1 


for  -  T  ;  10; 

OCT 


4.3.2  (Continued) 


where 

r  ‘  "  c^0ud  ener9 y  transmission  of  direct  moonlight, 

and  i  •  lunar  zenltn  angle, 
mu 

The  typical  energy  transmission  (for  <cos  *>  ■  0.83)  described  by 
Equations  (4-2)  and  (4-4)  is  Shown  In  Table  4-2  and  Figure  4-5. 

The  zenith  angle  dependence  for  both  regimes  of  ropt  Is  shown  In  Table  4-3 
and  Figure  4-6. 

Again  there  is  a  discontinuity  In  the  zenith  angle  dependence  at  ■  10 
which  we  shall  Ignore,  pending  a  verified  model  of  cloud  energy  transmission. 

The  other  two  out-of-water  sources  of  the  ambient  background  are  approximated 
as  uniform  sources  distributed  across  the  full  hemisphere.  Then  an  extra  factor 
arises  due  to  their  distribution  in  angle  of  incidence  upon  the  cloud.  This  extra 
factor  Is  given  by 

r/2 

f  (;)  sin  :  d  :  , 
o 
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Table  4-2.  Typical  Energy  Transmission  for  Sunlight  and 
Moonlight  at  Zenith  ('cos  •  0.83,  •  1. 


4.3.2  (Continued) 

for  f[t)  •  1  -  0.3262  ;  ♦  1.608  ■}  -  4.1341  *3  ♦  4.2276  ;4  -  2.0266  j5  +0.3642  :6 

•  cos  i  for  thin  clouds 
;  •  zenith  angle  of  the  Incident  light. 

Evaluating  this  Integral  we  find  It  equals  approximately  2/3  for  thick  clouds  and 
1/2  for  thin  ones. 

Therefore,  for  the  blue  sky  background,  the  cloud  energy  transmission  Is  given 


C8  *  T 


}  ♦  1.42 


1-  cos  ( 1--Q)  ^opt  ♦ 


1-  -cos  e > 


l-«cos 


2V3(1-  <cos  (1-^)  :opt  ♦ 


1-  <cso- 


C3  ’  I 


1-0.085  • 


for  : 


10  ( 1- 'Cos  ♦  1.42 


opt  >  10, 


f°r  r  •  10. 
opt 


!  and  -C8«  1  for  :Qpt*  0. 


(4- 5b) 


(4- 5c) 


4.3.2  (Continued) 


The  discontinuity  at  rQpt  •  10  is  again  present,  and  again  neglected  until  a 
better  experimentally-verified  model  is  derived. 

Note  Equations  (4-5a,  b)  are  Independent  of  solar  zenith  angle.  However,  the 
strength  of  the  radiance  Incident  from  the  blue  sky  does  depend  on  solar  zenith 
angle. 


For  the  moonless  night  case,  the  stel lar/zodlacal  light  cloud  energy  trans¬ 
mission  Is  given  by 


*  < 


'CZ"  2- 


exp 


1.69 


‘opt 


(1-  <cos  <?»)  ♦  1.42 


2  V3(  l-« cos  *>)  (1 — q) 


1.42 


opt 


V3(l-  'cos  )  (  I-'wq) 


'opt 


♦  1.42 

1--C0S  ~> 


1  -  exp  - 


2vi(  l-'-cos  ,•)  (l-.0)  :opl 


1.42 


1--COS 


1-<C0S  e>| 


(4-6a) 


and 


1  |  1  -  0-085  ropt 

2  i 


1.69 


10  ( l-'COS  »•)  ♦  1.42 


for  -10. 


£  4-6b) 


i 

i  and 

!  >• 

for  :  »  0 

opt 

- ! 

i 

i 

(4-6c) 

Table  4-4  and  Figure  4-7  show  a  typical  cloud  energy  transmission  as  a  function 
of  cloud  optical  thickness  for  these  uniform  sources  of  ambient  background. 


figure  >1-7.  Typical  Cloud  Energy  Transmission  for  Blue 
Skylight  and  Stellar  Light  (<cos  e>  •  0.83 


4.3.3  Cloud  to  Mater  Energy  Transmission  -  Hoise 

Because  the  sun  and  moon  are  effectively  sources  of  Infinite  plane  waves,  and 
the  blue  sky  and  stellar  background  cover  the  entire  hemisphere,  there  Is  no  "spot" 
or  “beam"  enlargement  in  propagating  from  the  cloud  base  to  the  water  surface. 
Therefore,  the  transmission  of  noise  energy  from  cloud  base  to  the  water  surface 
is  given  by: 


(4-7) 


for  all  cloud  conditions. 
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4.3.4  Ai r-wa ter  Transml sslon  -  Noise 

The  energy  transmission  of  the  air-water  interface  is  composed  of  two  factors 

T  aw  •  (raw  1^  *  lraw  2 ^  1 4—8) 

for  raw'  •  Total  energy  transmission  of  air-water  Interface 

raw  1  *  Alr-«*ater  Interface  transmission  due  to  index  of  refraction 
dlscontinul ty 

* 

raw  2  •  Air  water  Interface  transmission  due  to  foam  and  streaks  on  the 
sea  surface. 


This  section  treats  '  aw  ; ,  while  r  ^  2  <s  discussed  in  Section  4.3.O.  For  thin 
clouds  and  clear  weather  ("0pt  <101  the  solar  and  lunar  energy  transmission  is 
again  given  as  a  function  of  wind  speed  and  solar/lunar  renlth  angle  In 
Table  4-5  and  Figure  4-6. 

For  diffuse  or  uniform  radiation  incident  on  the  sea-surface,  we  use  the 


approximation  in 

c 

O 

VJ 

cn 

3.3.4 

(which  neglects  wave  effects)  and  take  t 

1  0.83 

awl 

r 

I 

1 

L 

T  aw  Is 

•  0.83. 

ropt 

>10; 

J 

(4-9) 

r 

i 

i 

h. 

- 1 

?  aw  1m 

•  0.83, 

T  oot 

>10; 

l 

j 

(4-10) 

and 

for 

01 ue  sky 

r 

L 

r  aw  18 

•  0.83. 

all  v < 

il  ues 

- 1 

of  r opt •  ! 

(4-11) 

and 

for 

stellar  rodiacal 

1 1  oht . 

r 

- - -  1 

1 

1  aw  12 

•  0.83. 

all  values 

of  r0Pt  j 

(4-12) 

l 
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Table  4-5.  :  a«ls^T  awlm  T<me  ^ver*9e<1  Downlink  Air  Sea  Interface 

Transnittance  (for  Thin  Clouds,  r  *  ^  10) 

opt  — 


0  JT1 
o*7S 
OH* 
i  OHS 
OHO 
OH? 
0*47 
OHO 


17* 

o*;o  j 

*70 

OH* 

*M 

OHS  j 

*40 

013* 

It* 

0*10 

Ml 

0*77  ; 

•41 

0*37 

7*4 

'  0  7*0 

7*1 

:  0  73* 

Ml 

i  0*77 

«t* 

c«n 

*4} 

.  0*40 

*« 

i  04M 

3*1 

i  0  3*7 

1 

30* 

|  0310 

fNlfX  AMCW  —  «  C«  • 


Air-Sea  Interface  Transmittance  as  a  function  of  Sun  or  Hoon 
Zenith  Angle  and  Surface  wind  Speed  V 


4.3.5  Air-Mater  Interface  Angular  Effects  -  noise 

The  wave  slopes  on  the  see  surface  cause  an  overall  increase  In  the  beam  diver¬ 
gence  of  an  Incident  beam.  or.  equivalently,  the  apparent  angular  size  of  the 

source  as  viewed  fro*  an  underwater  point-of-vlew.  41th  regard  to  the  background 
sources,  only  the  sun  and  noon  for  clear  weather  conditions  (rQpt  < 10)  will  be 
appreciably  affected. 

Again,  using  the  Karp  aodel  discussed  in  Section  3.3.5. 

•  0.0103  vi/2,  (ropt  <10 »  (4- 13a) 

for  a#  *“  •  RMS  Induced  half-angle  spread  for  the  sun; 

**  •  RMS  Induced  half -angle  spread  for  the  moon. 

•w 

V  •  surface  wind  speed  In  knots. 


For  all  rQpt, 


4# 


B.2. 

aw 


3. 


(4-14) 


Also 


effect  on  blue  sky  source; 
effect  on  stel 1 ar /zodiacal 


4#  su.mu 
aw 


•  °.  (Topt  il0) 


source 


(4-130) 


since  the  light  is  diffuse  after  emerging  from  the  thick  clouds. 

Tables  4-6  and  Figure  4-9  evaluate  (4-i3a)  for  v  in  knots  (and  meters  per  second). 

Since  the  full  angular  subtense  of  the  sun  (and  the  moon)  Is *0.5  degres.  this 
effect  will  substantially  increase  its  apparent  size.  The  relative  contribution  of 
4fw  to  the  distribution  of  noise  radiance  at  the  receiver  Is  discussed  In 
Section  4.3.8.  Except  for  the  clearest  water  it  is  a  small  effect,  and  so  the 
impact  of  neglecting  zenith  angle  effects,  and  dissimilar  wave  slopes  in  the  down¬ 
wind  and  crosswind  direction,  may  be  negligible.  Me  therefore  adopt  this  model 
until  better  information  1$  available. 


4-31 


-  -v 


•  Mi  l  A*  MAM 

OlViaOIMri  —  twM  — «<•  mm  MlnWI 


RBI 


Table  4-o .  RMS  Air-water  Interface  Induced  Half-Angle  Effects  (rQpt  <IQ) 
Sun  and/or  Moon 


'  V.  Wind 

Speed 

*  aw 

su  or  mu 

I  ^nots  | 

Heters/Second 

Mill (radians 

[  Degrees 

«  1 

0  1 

0 

o 

i 

0 

2 

1.03 

14.6 

I  o-w  ! 

i  4 

2.06 

20.7 

1.18 

j  8 

4.12 

29.2 

1.67 

;  u 

7.21 

38.6 

2.21  | 

i 

10.3 

46.2 

2.65 

i  i 

;  » 

13.4 

52.6 

3.0  ! 

!  « 

16. 5 

58.4 

;  5-35  ! 

38 

19.6 

63.6 

3.64  j 

4  -  -1 

S^IACf  -(*>0  5»fl3  --  •mrmtx  «c 


Figure  4-9.  RMS  Air-Water  Interface  Effect  as  a  Function  of  Wind  Speed  V 
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4.3.6  Relative  Surface  Foam  Coverage 


The  energy  transmission  of  the  air-water  Interface  Is  composed  of  two  factors 


aw 


for  r‘ 


aw 


awl 


and  r  'aw2 


Total  energy  transmission  of  the  air-water  Interface 

air  water  Interface  transmission  due  to  Index  of  refraction 
discontinuity 

air  water  Interface  transmission  due  to  foam  and  streaks  on  the 
water  surface. 


This  section  treats  r  '2*  while  r*  has  been  treated  In  Section  4.3.4. 

The  surface  foam  coverage  and  Its  effects  ar*  taken  to  be  independent  of  the 
noise  source  and  cloud  conditions.  As  discussed  in  Section  3.3.6.  for  a  foam 
albedo  •  1. 

(4- 15a) 
(4-156) 

for  v  •  surface  wind  speed  in  meters/sec. 


r'aw2  ■  1  *  ( l -2  (lO-5)  )  V3*3.  V  <9  m/sec. 


and 


r'iw 2  •  1  -  (1.2  (lO-5)  )  V3.3  (0.225V-0.99). V:9  m/sec. 


J 


Equation  (4-i5a.b)  Is  evaluated  In  Table  4-7  and  Figure  4-u  for  v  in  knots  land 
meters/ second ) . 


Although  this  model  neglects  tenlth  angle  effects  we  shall  adopt  it  pending 
further  experimental  work. 


Table  4-7.  Air  water  Energy  Transmission  Oue  to  Surface  Foam  ano  Streaks 
(Assuming  a  Foam/Streak  Albedo  ■  1) 


4.3.7  Water  Energy  Transmission  -  Noise 

The  energy  transmission  of  the  water  Is  denoted  t>y  Tw'*  The  angularly 
localized  noise  sources  (sun  and  moon)  behave  similarly  to  the  signal  energy 
transmission  discussed  in  Section  3.3.7,  thus  we  take: 


,  i 

» 

(W 

*)  W 

/ 

r  WSU 

|  cos 

W  1 

*SM  1 

W 

*  a 

w  SU 

sin*1 

1 1 

1 n 

Si"  !SU  [ 

j 

E  », 
1*1 

■  o. 

Topt  - 

10. 

kf  «  diffuse  attenuation  coefficient  for  the  1’th  water  layer; 
Of  ■  thickness  of  the  1'th  water  layer 
0  ■  receiver  depth 

n  «  sea-water  Index  of  refraction 
■  in-water  solar  zenith  angle 
•  in-air  solar  zenith  angle; 


>  (k,Dj 


in-water  lunar  zenith  angle; 
•  in-air  lunar  zenith  angle. 


4.3.7  (Continued) 

Moreover  for  the  thick  cloud  conditions. 


1 

i 

■  ' '  ■  exp  - 

WSU 

i  . 

i 

£  so, 
*1-1 

.  for  T  -  10. 

opt 

_ 

the  same  way 

'  t '  ■  exp  - 

wru 

< 

1»  1 

!  •  ,or  "opt  10- 

(4- 16b) 


( 4- 1 7b ) 


For  the  blue  sky  and  starllqht/zodlacal  1 1  ah t  background  sources. 


-xodels  should  aDoro*1r,ately  apply  for  all  :  ..  Therefore 

opt 

i 

l-WB  * 

L  .  . . 

4 

V*  *  n 
*-  1U1 

i-1 _ 

I 

•  for  a11  'opt-  1 

and 

*  e*P  * 

1 

4 

V  k  0 

w  V'l 

1*1  ■ 

♦ 

1 

*  for  a11  *OPf 

_ i 

the  same 


(4-18) 


(4-19) 


This  -’Odel  is  uncertain  in 
(1)  The  values  of  ^  to  use; 

{2}  The  values  of  0^ ; 

(3)  its  aopl Icabl 1 1 ty  <n  very  clear  water  and/or  at  shallow  receiver  depths. 

It  Is  the  best  model  available  now  and  It  will  be  revised  when  better  Informa¬ 
tion  becomes  available. 
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4.3.8  Water  Distribution  of  Radiance  -  Noise 

There  is  no  experimentally  verified  expression  for  the  in-water  distribution 
of  background  radiance  as  a  function  of  source  character,  source  zenith  angle, 
water  properties  and  receiver  depth.  As  discussed  in  Section  3.3.8,  we  therefore 
adopt  tne  expression 

1  -  / sin 

V’"  '0  / 

as  an  estimate  of  the  angular  distribution,  with 

}*  *  in-water  angle  measured  from  the  axis,  or  principal  ray  of  the  noise 
source. 

is  related  to  the  half  power  point  of  the  received  radiance  by  the  equation 


1'(c0S  *1,  }  _ — _  tcos  (*  )  sin2  (J  )  ♦  2  cos  U,  )  -2 1 

2  3  s  in2  I  %  %  'l  ( 


1  -  COS  », 


1  l  COS  4~  Sin*1  ;  ♦  2  cos  -  2  ( 

3  sin^  ,Q  f  » 


(4-20a) 


Equation  (4-20a)  is  evaluated  in  Table  4-8.  Values  between  those  shown  are  obtained 
by  linear  interpolation. 

Aoaln  assumlnq  that  the  in-air  incident  beam  spread,  air-water  beam  spread  and 
in-water  scattering  induced  spread  are  statistically  independent  effects,  we  adopt 
the  MOSC 1  mode  1 : 


•  1/2  *  [f.  ♦  faw  *  fa]  l/2. 


(4- 20b) 


for  all  four  out-of-water  background  sources.  For  solar  and  lunar  sources 


fw  •  water  contribution 


,  all  t. 


cos  i 


(4.21a) 


“1 


V  ' 


(BXSSMJMNfi 

MC’«0 rnt 

«•»»•»  »«4U* 

Table  4-8.  Relation  of  radiance  2ero  point,  >q,  and  received  radiance 
half-power  point,  for  i  -  (sin  cw/sin  radiance 
distribution 


(SDsyuMiA 

«ttM«  *»<M 

4.3.8  (Continued) 

Again,  for  solar  and  lunar  sources 


(4-216),  (4-22b) 
(4-21c).  (4 -22c ) 


V  •  surface  wind  speed  (knots),  as  discussed  In  Section  4.3.5. 
For  the  distributed  sources. 


Finally,  for  the  sun  and  moon. 


■  (3 

)  |  'M'ij*'  vjp-r 

3.8”) 2.  '0PT  >10 

4) 

•  (3 

3.8**  )2; 

2;  ^OPT  -l0; 

•CPT  110. 

(4-23b) 

( 4-21d) 

(4-21e) 
{ 4-22d  > 
(<-22e) 


for  n  *  water  Index  of  refraction. 

“s/2  *  half  the  an9u1ar  substense  of  the  sun  (*»(l/4)#) 

and  *'*,/;>  ■  half  the  angular  substense  of  the  moon  (  —  ( 1  /4 ) * ) 

These  eouatlons  have  been  discussed  and  derived  in  Section  3.3.8.  For  the 
distributed  sources. 

fa  •  ( 33.0*32  .  all  '00t. 
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4.3.3  (Continued) 

In  general,  the  receiver  will  be  directly  viewinq  the  signal,  while  the  back¬ 
ground  source  enters  at  an  off-axis  angle.  Then  the  fraction  of  the  noise  radiance 
wnicn  enters  the  receiver  is  given  by 


tor  ‘a  «  halt-angle  of  the  receiver  field  of  view 

•  off-set  angle  between  axis  of  noise  source  and  receiver  optical  axis. 

This  expression  will  be  used  further  in  Section  4.2. IQ  and  4.2.11. 

(4-24a)  applies  to  the  background  sources  in  thin  cloud  conditions.  Under 
thick  cloud  conditions,  both  signal  and  background  will  appear  to  arrive  fro*  the 
cenitn,  and  so  -0.  For  tnis  case. 


References  for  Section  4,3.3 

1.  R.E.  Howarth,  M.E.  Hyde  and  W.R.  Stone.  "Submarine-Aircraft  and 
Submarine-Satel 1 1 te  Optical  Communications  System  Model  (U)," 
Confidential  Report.  NElC-TR-2021 .  1977. 
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4.3.9  Detection  Bandwidth 

The  required  electrical  detection  bandwidth  to  optimally  detect  the  pulses 
discussed  In  Section  3.3.9  Is  not  known  at  present.  In  lieu  of  such  a  result  we 
assume: 


1)  The  receiver  has  foreknowledge  of  the  expected  pulse  width; 


for  B  *  electrical  detection  bandwlth 


(4-25) 


t*  •  time  at  which  pulse  peak  value  occurs  after  pulse  start,  for  a 
pulse  shape  f ( t )  «  t  exp  -  (t/tm). 


for  gausslan  shaped  pulses' and  detection  filter,  (4-25)  Is  the  nearly  optimum 
match.*  As  further  work  is  done  in  the  area  of  the  real  pulses  to  be  expected 
here.  (4-25)  may  be  revised. 

Equation  4-25  Is  evaluated  in  Table  4-9  and  Figure  4-11  for  the  pulse-widths 
and  optical  thicknesses  developed  In  Section  3.3.9. 


Table  4-9.  Typical  Detection  Bandwldths  for  Pulse  width  Conditions  of  Table  3-11 


I 

Cpt1cal°?hlckness 

i 

T 

Geom.  Thickness 
(km) 

..tc 

Pul sewidth 

(..sec) 

;.ty  i  B 

Peak  ilme  j  Detection  Bandwidth 
(..sec)  i  (kHz) 

10 

0.25 

1.15 

0.47 

348 

20 

0.5 

3.55 

1.49 

110 

30 

0.75 

7.08 

2.89 

56.5 

40 

1.00 

11  27 

4.6 

35.5 

1.25 

16.13 

6.58 

24.8 

60 

1.50 

21.55 

8.8 

13.6 

70 

1.75 

27. 18 

11.22 

14.6 

80 

2.00 

33.93 

13.85 

11.8 

;  90 

1  2.25 

40.88 

16.69  ; 

9.8 

100 

i  2.50 

48.25 

19.7  ! 

8.3 

*H.P.  Westman,  Editor,  reference  Data  for  Radio  Engineer,  Fifth  Edition,  p.  29-5, 
(H.  W.  Sams  4  Co.,  New  York,  1969). 
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4.3.10  Average  Background  Power  Due  to  Sunlight 


The  average  optica!  background  power  in  the  receiver  due  to  the  sun  is  given 
by  an  equation  analogous  to  that  developed  in  Section  3.3.10  for  the  received  optical 
signal  energy.  We  therefore  take 


P  •  (Spectral  Radiance  at  Receiver  Aperture  Due  to  Sun)  X 

s  u 

(Receiver  optics  transmission)  X  (Receiver  Area)  X 
(Receiver  optical  filter  banpass)  *  (Receiver  Solid  Angle)  X 
(Fraction  of  incident  radiance  in  this  receiver  field  of  view). 

(4-26) 

iae  take 

•  Receiver  optics  transmission 
d  •  Receiver  aperture  diameter 
-d* 

-3-  »  Area  of  receiver  apt  1  nte 


Bopt  ’ 
"p 

2t(1-cos  R). 


Receiver  optical  filter  barcrecs 

Half-Angle  of  the  receiver  field  of  view 

Receiver  field  of  view  sol’d  angle 

Spectral  Radiance  at  Receiver  aperture  due  to  the  sun 


and 

f'(:,j.  (j,  -•  •  fraction  of  incident  radiance  within  receiver  field  of  view. 
Then 


(4-27) 


Because  the  sun  is  a  CW  source,  we  use  the  energy  transmission  formalism  to 
develop  the  eipression: 
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4.3.10  (Continued) 

LJu  ■  (Exo-atmospherlc  effective  solar  radiance)  X 

(Clear  Atmosphere  Energy  Transmission)  X  (Cloud  Energy  Transmission)  X 
(Cloud  to  Mater  energy  Transmission)  X 

(Air-Mater  Interface  Energy  Transmission)  x  (Mater  Energy  Transmission), 

(4-28) 


and  we  use 


•  Exo-atmospherlc  effective  solar  radiance 

*  ■  Clear  atmosphere  energy  transmission,  as  discussed  in  Section  4.3.1; 

'  ■  Cloud  energy  transmission,  as  discussed  in  Section  4.3.2; 

‘  •  Cloud  to  water  energy  transmission,  as  discussed  in  Section  4.3.3; 

^  *  Air-water  energy  transmission,  as  discussed  in  Sections  4.3.4  and  4.3.6; 

'  ■  Mater  energy  transmission,  as  discussed  ir  Eecticn  4.3.7. 

wSu 

Gathering  these  expressions  we  find 


(4-29) 


The  fraction  of  incident  radiance  within  the  receiver  field  of  view  depends  on 
the  angular  separation  between  the  axis  of  the  receiver  field  of  view  and  the  in-water 
solar  zenith  angle,  as  developed  in  Section  4.3.8, 
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4.3. 


10  (Continued) 


(4-3C 

(4-31 


end  «  angular  separation  between  solar  beam  axis  and  receiver  optical  axis, 

}q  ■  off  so’ar  beam  axis  angle  at  wnich  the  solar  radiance  goes  to  zero. 

These  expressions  will  be  used  in  the  development  of  the  Noise  Equivalent 
Power  expression  in  Section  4.3.15. 
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4.3.11  Average  Background  Power  Due  to  Moonlight 

The  average  optical  background  power  In  the  receiver  due  to  the  moon  Is 
completely  analogous  to  that  for  the  sun  discussed  In  Section  4.3.10.  We  therefore 
taKe 

P  ■  (Spectral  Radiance  at  Receiver  Aperture  Oue  to  Moon)  X 
mu 

(Receiver  optics  transmission)  X  (Receiver  area)  X 

(Receiver  optical  filter  bandpass)  X  (Receiver  Solid  Angle)  X 

(Fraction  of  Incident  radiance  within  the  receiver  field  of  view). 

(4-32) 

We  take  -,R  ■  Receiver  optics  transmission, 

d  *  Receiver  aperture  diameter, 

Jt 

■  Area  of  receiver  aperture, 

Bopt  "  ,ece*ver  optical  filter  bandpass, 

-R  ■  Half-Angle  of  the  Receiver  Field  of  View 
2-  (1-  cos*'R)  «  Receiver  field  of  view  solid  angle 

L  ■  Spectral  radiance  at  receiver  aperture  due  to  moon 

mu 

and 

f  (:0-a^*  0  •  Fraction  of  Incident  radiance  within  receiver  field  of  view. 


Then 


1 


(SDsajumn* 

•»***«*  i>  * 

4,3.11  (Continued) 

Because  the  moon  Is  a  CW  source.  Me  use  the  energy  transmission  formalism  to 
develop  the  expression: 

Lmu  *  (Exo -a  two spheric  effective  lunar  radiance)  X 

(Clear  atmosphere  energy  transmission)  X  (Cloud  energy  transmission)  X 
(Cloud  to  Mater  energy  transmission)  X 
(Air-Water  Interface  energy  transmission)  X 

(Water  energy  transmission),  (4-34) 


and  Me  use 

l  «  Exo-atmospherlc  effective  lunar  radiance; 

ri? 


:  '  ■  Clear  atmosphere  energy  transmission,  as  discussed  In  Section  4.3.1 

d 

•  Cloud  energy  transmission,  as  discussed  In  Section  4.3.2.  , 

:  ‘  •  Cloud  to  Mater  energy  transmission,  as  discussed  In  Section  4.3.3 

-  '  -  Air-water  energy  transmission  as  discussed  in  Section  4.3.4,  and  4.3.6. 

dMfTI 

and 


’  *  Water  energy  transmission,  as  discussed  in  Section  4.3,7. 

Gathering  the  various  expressions  Me  find 


;  •  l  -  ;  •  (4-35) 

'  mu  m  a  cm  cm  awm  **mu  '  ' 

As  for  the  sunlight,  the  fraction  of  Incident  lunar  radiance  Mlthin  the  receiver 
field  of  view  depends  on  the  angular  separation  betMeen  the  optical  axis  of  the 
receiver  field  of  vleM  and  the  in-water  lunar  zenith  angle.  As  developed  In 
Section  4.3.8, 
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Angular  separation  between  lunar  beam  axis  and  receiver  optical  axis 
Off  lunar  beam  axis  angle  at  which  the  lunar  radiance  goes  to  zero. 


5  MUR 
*0 

These  expressions  Mill  be  usea  in  the  development  of  the  Noise  Equivalent  Powe 
expression  in  Section  4.3.15. 
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4.J.12  Average  Background  Power  Due  to  Blue  Skylight 

The  average  optical  background  power  in  the  receiver  due  to  the  blue  skylight 
Is  partially  analogous  to  that  for  the  sun  and  moon  discussed  In  Sections  4.3.10 
and  4.3.11.  We  therefore  take,  for  the  average  optical  background  power  due  to 
blue  skyl ight : 


Pgj  ■  (Spectral  Radiance  at  Receiver  Aperture  due  to  the  Blue  Sky)  X 
(Receiver  optics  transmission)  X  (Receiver  area)  X 
(Receiver  optical  filter  bandpass)  X  (Receiver  solid  angle)  X 
(Fraction  of  Incident  radiance  within  the  receiver  field  of  view). 

(4-38) 

We  take 


!q  »  Receiver  optics  transmission; 
d  »  Receiver  aperture  diameter; 

-  dL 

•  Area  of  receiver  aperture; 


Bopt 

'« 

2"  ( l  -  cos  ••  ^  ! 

~3S 


•  Receiver  ootlcal  filter  bandpass 

•  Half-Angle  of  the  Receiver  field  of  view 

■  Receiver  field  of  view  solid  angle 

■  Spectral  radiance  at  receiver  aperture  due  to  the  blue  skylight, 

•  Fraction  of  incident  radiance  within  receiver  field  of  view. 


and 


(4-39) 


Because  the  blue  skylight  Is  a  cw  source,  we  use  the  energy  transmission 
formalism  to  develop  the  expression: 


Lgs  *  (Clear  sky  exo -atmospheric  effective  radiance)  x 

(Clear  atmospheric  transmission)  X  (Cloud  energy  transmission)  X 
(Cloud  to  Water  Energy  Transmission)  X 

(Air-Water  Interface  Energy  Transmission)  X  (Water  Energy  Transmission) 

(4-40) 
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4.3.12  (Continued) 


and  we  use 


Lg  •  Clear  sky  exo-atmospherlc  effective  radiance, 

r  '  ■  Clear  atmospheric  transmission,  as  discussed  In  Section  4.3.1, 

A 

:/g  •  Cloud  energy  transmission,  as  discussed  In  Section  4.3.2, 

■  Cloud  to  Mater  energy  transmission  as  discussed  In  Section  4.3.3, 

'  ■  Air-water  energy  transmission,  as  discussed  in  Sections  4.3.4  and  4.3.6 

iwo 

;  '  •  Water  energy  transmission,  as  discussed  in  Section  4.3.7. 

(lathering  the  expressions  we  find 


■  I  *'*'  - '  *'  - • 

BS  B  a  tb  cw  awB  wB 


Again,  the  fraction  of  blue-sky  radiance  within  the  receiver  field  of  view 
is  given  by 


1 


GXDartlMKflA 


in'iM 


4.3,12  (Continued) 

and  igR  »  Off  zenith  pointing  angle  of  the  receiver  axis, 
while 

>0  *  Off-zenith  angle  at  which  the  blue  sky  radiance  goes  to  zero. 

These  expressions  will  be  used  in  the  development  of  the  Noise  Equivalent 
Optical  Power  expression  in  Section  4.3.15. 
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4.3.13  Average  Background  Power  Due  to  Stellar/Zodiacal  Light 


The  average  optical  background  power  in  the  receiver  due  to  the  nighttime 
distributed  sources  of  stellar  and  zodiacal  light  follows  the  patterns  established 
In  the  previous  three  sections.  We  take,  for  the  average  optical  background  power 
due  to  these  sources: 

P^  «  (Spectral  radiance  at  receiver  aperture  due  to  the  stellar/ 

Zodiacal  light)  X  (Receiver  optics  transmission)  X 

(Receiver  Area)  X  (Receiver  optical  filter  bandpass)  X 

(Receiver  solid  angle)  X  (Fraction  of  incident  radiance  within 

the  receiver  field-of-vlew).  (4-4 


We  again  take 


2-  (1-cos  -R) 


Receiver  optics  transmission. 

Receiver  aperture  diameter. 

Area  of  receiver  aperture. 

Receiver  optical  fi 1  ter  bandpass ; 

Half-Angle  of  the  receiver  field-of-view; 

Receiver  field-of-view  solid  angle; 

Spectral  radiance  at  receiver  aperture  due  to  the  stellar/zodiacal 
1 ight; 

Fraction  of  incident  radiance  within  the  receiver  field-of-view; 

Off-axis  angle  at  which  the  received  radiance  goes  to  zero,  as 
discussed  in  Section  4.3.8. 


4s  (  •»  (4)  \ 


Bopt  (Zt  (i  -  cos  *„))f’  (:_,  •') 


Ml'* 


4.3.13  (Continued) 

Because  this  background  source  is  cw,  we  use  the  energy  transmission  formalism 
to  develop  the  expression: 

L^  ■  (Stellar/Zodiacal  Light  Clear  Sky  Effective  Exo-Atmospheric 
Radiance)  X  (Clear  Atmospheric  Transmission)  X 

(Cloud  Energy  Transmission)  X  (Cloud  to  Water  Energy  Transmission)  X 
(Air-Water  Interface  Energy  Transmission)  X 

(Water  Energy  Transmission)  (4-46) 

and  we  use 


*  Stellar/Zodiacal  Light  Clear  Sky  Effective  Exo-Atmospheric  Radiance, 
'  -  Clear  Atmospheric  Transmission,  as  discussed  in  Section  4.3.1, 

d 

*  Cloud  Energy  Transmission,  as  discussed  in  Section  4.3.2, 
c; 

'  ■  Cioud  to  Water  Energy  Transmission,  as  discussed  in  Section  4.3.3, 

'  ■  Air-Water  Interface  Energy  Transnr  ss  i  on,  as  discussed  in 

IW2 

Sections  4.3.4  and  4.3.6, 

'  *  Water  Energy  "ransmi ssion,  as  discussed  in  Section  4.3.7. 


Gathering  the  expressions  we  find: 


Again,  the  fraction  of  stellar/zodiacal  radiance  within  the  receiver  field-of- 
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4.3.13  (Continued) 


for  •  cos  [cos  ;W  cos  ;2r  ♦  sin  5W  sin  i2r  sin  j 

arc!  i  »  Off-zenith  pointing  angle  of  the  receiver  axis. 

These  expressions  will  oe  used  in  the  development  of  the  Noise  Equivalent 
Optical  Power  expression  in  Section  4.3.15. 


bn  E 


4.3. 14  Average  Background  Power  Due  to  Bioluninescence 

The  final  source  of  optical  background  power  is  the  local  bioluminescent  sources 
which  are  stimulated  to  emit  by  the  submarine  motion,  or  other  disturbances  in  the 
water.  This  is  modelled  in  a  slightly  different  way  than  the  previous  four  sources, 
and  cloud  and  water  properties  have  only  an  indirect  effect  on  this  source  strength. 
He  therefore  write  for  the  average  background  power  due  to  bid uninescence, 

P0  »  (Spectral  irradiance  at  receiver  aperture  due  to  bioluminescence)  X 

oL 

(Receiver  Optics  Transmission)  X  (Receiver  Area)  X 

(Receiver  Optical  Filter  Bandpass).  (4-50) 

and  we  set 


lgL  ■  Spectral  irradiance  at  receiver  aperture  due  to  bioluminescence, 
.p  ■  Receiver  Optics  Transmission, 

d  »  Diameter  of  Receiver  Aperture. 

*> 

"d*’ 

~t~  *  Area  of  Receiver  Aperture, 

«•  • 

*  Optical  Filter  Bandpass. 


Therefore. 


-1 


(4-51) 
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4.3.15  Noise  Equivalent  Optical  Power  Dependence  on  Noise  Sources 

In  general .  a  direct  detection  optical  communication  system  has  four  Indepen¬ 
dent  noise  contributions,  which  Include  theraal  (or  amplifier)  noise,  dark  current 
detector  noise,  signal  shot  noise  and  background  shot  noise.  These  are  noise 
sources  Insofar  as  they  generate  fluctuations  In  the  electrical  current  present  In 
the  detection  system.  It  is  conventional  to  write  the  “no1se“  as  the  l-o  point  of 
the  fluctuating  electrical  current,  assuming  the  noise  sources  add  independently 
and  are  steady  In  character. 

Because  we  have  derived  a  signal  level  In  terms  of  the  instantaneous  received 
optical  power,  it  Is  appropriate  to  describe  the  noise  components  In  terms  of  a 
Noise  Equivalent  (Optical)  Power,  as  derived  from  the  post-detection  electrical 
power . 


*e  write,  for  a  photomul  tipi  ler  tube  type  of  detector. 


r 


NE? 


tot 


2  2  ?  1  1/2 

NEP^c  ♦  NEPjs  ♦  NEPgJ 


(4-52) 


for 


lE^tot  *  Tot41  Noise  Equivalent  (Optical)  Power  due  to  all  sources 

«Pth  •  Noise  equivalent  optical  power  due  to  thermal  or  amplifier  noise 

NEP<jc  ■  Noise  equivalent  optical  power  due  to  photo-detector  dark  current 

NEPSs  ■  Noise  equivalent  optical  power  due  to  shot-noise  generated  by  the 

s  i  ona  1 

NEPg  •  Noise  equivalent  optical  power  due  to  shot-noise  generated  by  the 
Background. 


Then 


4.3.15  (Continued) 
for 

(kT)  •  thermal  noise  energy  •  (Boltzman's  constant)  X  (Absolute  Temperature) 

8  ■  electrical  detection  bandwidth,  as  discussed  in  Section  4.3.9 
G  •  Detection  gain 

-  •  Photo  surface  quantum  efficiency 
e  •  charge  on  the  electron 
h\  •  enerqy  per  signal  photon 
•e/h\  •  photo-surface  responslvity 
Rl  •  load  resistance 

•  Amplifier  noise  figure. 

For  the  dark  current  contribution. 

(4-54) 

for 

f  •  excess  noise  in  the  detector  gein 
and  •  dark  current  at  the  photo-cathode. 

For  the  signal  shot  noise  contribution , 

(4-55) 

A 

for  P^  •  peak  received  optical  signal  power  at  the  photo  surface,  as  discussed  In 
Section  3.3.10. 

Finally,  the  Ctf  tick  ground  contributes 
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4.3.15  (Continued) 


‘or 

p  »  Average  background  power  due  to  sunlight*  as  discussed  In  Section  4.3.10; 

P  «  Average  background  power  due  to  moonlight,  as  discussed  In 

mu 

Section  4.3.11; 

?oc  ■  Average  background  power  due  to  blue  skylight,  as  discussed  in 
Section  4.3.12. 

p,  •  Average  background  power  due  to  stel lar/zodlacal  light,  as  discussed 
In  Section  4.3.13; 

and  Pg,  •  Average  background  power  due  to  bioluminescence,  as  discussed  In 
Section  4.3. 14. 

Two  comments  are  in  order  at  this  point: 

1.  If  the  signal  shot  noise  dominates  the  noise  components,  the  formulation 
should  be  re-examined  to  insure  that  enough  photo-electrons  are  being 
generated  to  mane  it  applicable; 

2.  hot  all  the  averaqe  background  contributors  will  be  present  at  any  one 
time,  which  will  be  accounted  for  in  the  tlme-of-day  modeling  of  the 
respective  spectral  radiances. 
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4.4  COMPUTES  PROGRAM  FOR  COMPLETE  SPQPM 

4.4.1  Introduction 

Figures  3-2  and  4-2  provided  the  basis  for  the  computer  program  to  perform 
calculations  for  the  Single  Pulse  Downlink  Propagation  Model  (SPDPM).  The  program 
is  blocked  out  as  snown  in  Figure  4-12. 

Parameters  whicn  may  be  varied  often  are  read  from  a  data  file,  SPPM  DATA. 

Tne  values  car,  be  cnanged  by  editing  this  file. 

The  mam  program,  SPPM,  will  display  all  parameter  values  prior  to  execution, 
tnen  read  parameter  values  for  Its  use.  Initial  calculations  are  followed  by  a 
orancn  to  one  o f  tne  three  cases:  thin  cloud,  thick  cloud,  and  clear  atmosphere. 

witnin  eacn  case,  signal  calculations  are  performed  first.  This  Is  followed 
oy  noise  contributions  from  sun,  moon,  blue  sky,  stellar  and  zodiacal  light,  and 
bioluminescence.  The  final  calculations  include  NLP's  and  the  output  follows. 

There  is  a  lirited  error  message  capability,  primarily  to  handle  cases  where 
certain  variables  fail  outside  allowable  limits. 

Special  functions  can  be  used  by  all  three  cases.  These  include  lootfup  tables 
and  a  numerical  double  integral. 

4.4.2  Names  of  Variables 

oecause  of  the  limitation  of  available  cnaracters  in  the  FORTRAN  IV  programing 
language,  many  variables  used  In  previous  sections  of  this  document  required  redefi¬ 
nition.  Wherever  possible,  names  were  kept  the  same  or  very  similar: 
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Figure  4-1 2.  Cotpiete  SPDPM  Computer  Program  Block  Diagram 


TEXT 


PROGRAM 


DEFINITION 


c  C  Speed  of  light 

I .  ID  Photocathode  dark  current 

d 

Other  variables  were  changed  to  a  greater  extent.  Put  an  attempt  was  made  to  make 
the  new  name  easily  understandable  and  relatable  to  the  text  name: 

DEFINITION 

Electrical  Detection 
Bandwidth 

Receiver  Optical  Filter 
Bandpass  (Bandwidth) 

Receiver  Depth 

Because  of  the  large  number  of  text  variables  involving  T,  :  and  *3,  many 
of  these  required  redef ini tion.  First  all  angles  (  )  were  redefined  to  start 
wi tn  letters  otner  tnan  T  (see  below).  Most  program  T  variables  are  transmissions, 
witn  tne  following  exceptions: 


EXT 

PROGRAM 

DEFINITION 

■w 

J 

TABS 

Absolute  Temperature 

D1 

THWCi 

1th  water  layer  thl-iness 

T 

TMGC 

Geometrical  Cloud 
thickness 

b 

thopta 

Effective  Clear  Atmosphere 
Optical  Thickness 

OPT 

tmoptc 

Cloud  Optical  Thickness 

t 

ti 

Time  Variable 

t 

T I  PEAK 

Time  of  pulse  peak,  relatl 

to  pulse  start 

There  are  also  several  orogram  internal  variables  beginning  with  T  which  have 
no  couterpart  In  tne  text. 

The  large  number  of  transmissions  have  led  to  a  systematlzalton  of  these.  They 
are  all  of  the  following  form: 


TEXT 

B 


B 


OPT 


PROGRAM 

BUE 

BWOPT 

DEPR 
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4.4.2  (Continued) 

^)Ll)L  ) 

\  AA/\BB/\  NotMng/ 


where  T  signifies  transmlssi 
energy  source;  B  or  BB,  for 
necessary. 

A.AA 

S6  -  signal 

S  -  Sun 
H  -  neon 
BS  -  Blue  Sky 

2  -  S teller /Zodiacal 
Light 


;  A  or  AA  Is  a  one  or  two 
e  medium  or  Interface;  C, 

B,  BB 
A-al  r 

C  -  Cloud 

CW  -  Cloud  to  wa 

AW  -  Air  Water 
interface 

w  -  Water 


letter  designation  for  the 
a  further  description  If 

C 

F  -  foam  ♦  streaks  on 
surface 

N  -  Index  of  refraction 


’••.a.  7SGAWN  Is  transmission  of  the  signal  through  tie  air-water  Interface 
considering  refractive  Index  effects;  TZC  Is  stel lar/zodlacal  light  transmission 
througn  clouds.  Text  variables  wnlch  correspond  are  :  ^  and  *c2 . 


Angle  variables  nave  been  renamed  to  begin  with  A  for  non- referenced  angles, 
and  ZA  for  Zenith  Angles: 


TEXT 

PROGRAM 

DEFINITION 

- 

ASCAT 

Cloud  particle  mean 
Scattering  Angle 

*SU 

ZASA 

Solar  in-air  zenith 
angle 

Unfortunately , 

some  variables  had  to  be  defined  quite 

differently  from  text  variables 

TEXT 

PROGRAM 

DEFINITION 

'COS*  • 

COSACS 

Mean  Cosine  of  In- 
Cloud  Scattering 

Angle 

'  .*/h . 

RESP 

Responsivlty 

d 

OIAR 

Receiver  aperture 
diameter 

A  list  relating  text  and  program  variables  follows: 


hK'i 


I 


r 


AOLTA  •  5  ■ 

AC  SCAT  -  •  •  • 

AT8WF  •  ->T  . 

AMSW0  •  4^  . 

ANSWI  or  ANSW(I)-s 


S11 


S/2 

M/2 


ARFOV 
AS  ■ 

AM  • 

AROWSG  ■ 

A8KHP  > 

AOLTAS  • 

AOLTAM  - 
ADITAB  • 

AOLTAZ  « 

AROWNS.M.B.Z  •  }  • 


B 

3WE  -  B  • 

BHOPT  •  3 


OPT 


CF  -  Cf  • 


C  -  C  • 
COSACS 


•  •  cos* 


Offset  angle  between  receiver  optical  axis  and  axis  of  the 
incoming  light  (signal  section) 

Cloud  particle  mean  scattering  angle 

Full  angle  exp  (-2)  transmitter  beamwidth 

Mean  square  single  scattering  angle  In  water 

•  Mean  square  single  scattering  angle  in  water  for  1 ' th  layer 

Half  angle  of  the  receiver  field  of  view 

Half  of  the  angle  subtended  by  the  sun 

Half  of  the  angle  subtended  by  the  moon 

Off-axis  angle  at  which  in-water  radiance  goes  to  zero 

Half -power  angle  of  the  background  radiance 

Offset  angle  between  receiver  optical  axis  and  axis  of  the 
incoming  light 

Off-axis  angle  at  which  in-water  radiance  goes  to  zero 
(noise  section) 


Electrical  detection  bandwidth 
Receiver  optical  filter  bandpass 


Fraction  of  sea  surface  covered  by  foam  and  streaks 
Speed  of  light 

mean  cosine  of  the  in-cloud  scattering  angle 
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■v 


DEPR  •  0 


D1AR  •  d  • 

DPWW  -  At  ■ 
w 

DPWCW  •  At 

cw 

DPWC  ■  Atc  - 
E 

EPNORM  ■  A£  - 

* 

E2  ■  E,  ■ 

ET  •  Ep  • 

EXTC  ■  •  - 


r 


Receiver  depth 

Diameter  of  receiver  aperture 

Pulse  width  due  to  water  portion  of  the  path 

Pulse  width  due  to  cloud  to  water  portion  of  the  path 

pulse  width  due  to  cloud  portion  of  the  path 


Energy  to  Instantaneous  power  normalization  parameter 

Total  received  energy  per  pulse 

Exponential  Integral 

Transmitted  energy  per  pulse 

Mean  extinction  coefficient  of  the  cloud 


FW  -  f  • 
w 

FAix  •  f  * 
aw 

FA  -  f  • 

a 

FW I  or  FW  ( I )  •  *  • 

wf 


FSG  ■ 


f  ^0*  ‘V 

f  •( . 

'  '0*  R* 


Water  contribution  to  received  beam  half-angle 
Air/water  Interface  contribution  to  received  beam  half-angle 
Atmospheric  contribution  to  received  beam  half-angle 
Contribution  of  i'th  water  layer  to  received  beam  half-angle 

Fraction  of  Incident  radiance  within  receiver  field  of  view 


FWS9.  F*¥.  ,  f  a 
FWBSi,  FWZ9  " 

PAS.  FAH,  m  f 
FA8S.  FAZ  f 


Noise  water  contribution  to  received  beam  half-angle 


Noise  atmospheric  contribution  to  received  beam  half-angle 


F  (Continued) 


C1UC  C Ayu 

’  •  •  f  •  Nolse-alr-water  contribution  to  received  beam  half-angle 

FAW8S,  FAWZ  a 

FNS,  FNM,  .  Fraction  of  incident  radiance  within  receiver  field  of  view 

FNBS,  FNZ 

G 

G  *  G  ■ 

GAMT  •  y  ■ 

GAMR  «  yR  • 

H 

HCW  ■  H 

HNU  •  hv  ■ 

I 

IRAOW  -  I ( ;w)  « 

ID  "  Id  * 

J 

J  ■  j  •  Number  of  water  layers  present  from  surface  to  submarine 

receiver 

K 

K0  »  k  •  Diffuse  attenuation  coefficient  of  the  water 

KI  or  K(I)  ■  k^  «  Diffuse  attenuation  coefficient  of  the  1’th  water  layer 

KT  «  (kt)  •  Thermal  noise  energy  -  (Boltzmann’s  constant)  x  (absolute 

temperature) 

Boltzmann's  constant 


Distance  from  cloud  base  to  water  surface 
Energy  per  signal  photon 

Water  radiance  distribution 
Dark  current  at  the  photo  cathode 


Detection  gain 

Transmitter  optics  transmission 
Receiver  optics  transmission 


KBOlTZ 


LSR  ■  Lsu  * 

LSX  •  t$  • 

LMR  -  • 

LMX  -  • 

n 

LBSR  -  Lbs  • 
L3SX  •  Lg  • 


l:r  ■  lzs 


IZX  -  l. 


LBLR  ■  L3l  ■ 


NOISF  -  F  » 


NOISFA  -  F  - 

O 

NCEX  «  n  - 
NEPTOT  ■  NE?to, 
NEPTH  »  NEPTli  * 


NEPID  •  NE?dc  • 


HEPSS  -  SEP$s  » 


NEPSB  »  NEPC 


Spectral  radiance  at  receiver  aperture  due  to  the  sun 

Exo-atmospheric  effective  solar  radiance 

Spectral  radiance  at  receiver  aperture  due  to  the  moon 

Exo-atmospherlc  effective  lunar  radiance 

Spectral  radiance  at  receiver  aperture  due  to  blue  sky  light 

Clear  sky  exo-atmospheric  effective  radiance  due  to  blue  sky 
light 

Spectral  radiance  at  receiver  aperture  due  to  stellar  and 
zodiacal  light 

Clear  s'*y  exo-atmospheric  effective  radiance  due  to  stellar 
and  zodiacal  light 

Spectral  irradiance  at  receiver  aperture  due  to  bioluminescence 


Excess  noise  in  detector  gain 
Amplifier  noise  figure 
Water  index  of  refraction 

Total  noise  egui valent  optical  power  due  to  all  sources 

Noise  equivalent  optical  power  due  to  thermal  or  amplifier 
noise 

Noise  equivalent  optical  power  due  to  photo-detector  dark 
current 

Noise  equivalent  optical  power  due  to  shot-noise  generated 
by  the  signal 

Noise  equivalent  ootlcal  power  due  to  shot-noise  generated 
by  the  background 


V 


OMEG0 

OMEGR 


OMEGW  «  - 

P 

PR  •  PR(t)  » 

PRS  ■  Psu  ■ 

PRM  '  PMU  " 

PRBS  ■  Pgs  » 

PRZ  •  Pz  - 

PRBL  «  PgL  » 
PRPEAK  -  PR  • 
PHIHLF  -  j  - 

Q 

Q  *  q  * 

OE  *  e  » 

R 

RANGE  ■  R  - 
RL  ■  R^  • 

RFIW  •  R(:$)  • 
RESP  »  (ne/h. )  ■ 
RPS  «  f(t)  « 


Cloud  particle  single  scalier  albedo 
Solid  angle  of  the  receiver 

Full  solid  angle  containing  the  Incoming  in-water  radiance 


Instantaneous  received  signal  power 

Average  optical  power  at  receiver  due 

Average  optical  power  at  receiver  due 

Average  optical  power  at  receiver  due 

Average  optical  power  at  receiver  due 
light 

Average  optical  power  at  receiver  due 
Peak  received  signal  power 


to  the  sun 
to  the  moon 
to  the  blue  sky 
to  stellar  and  zodiacal 

to  bioluminescence 


.77T7  7 

a  aw 


f 

w 


Parameter  describing  ability  of  satellite  transmitter  to 
correct  for  zenith 

Charge  on  electron 


Range  from  satellite  to  submarine 

Load  resistance 

Sea  surface  reflectance 

Responslvlty 

Received  pulse  shape 


GSDsyuMMf! 


s 


SCAT0  •  S  » 

Water  scattering  coefficient 

SCAT I  or  SCAT ( I )  » 

T 

s^»  Scattering  coefficient  of  i'th  water  layer 

1 

THOPTA  -  b  - 

Effective  clear  atmosphere  optical  thickness 

TA8S  - 

Absolute  temperature 

THGC  *  T  » 

Geometrical  thickness  of  the  cloud 

TI  ■  t  ■ 

Time 

TIPEAK  »  t  - 

ffl 

Time  after  pulse  start  at  which  peak  value  occurs 

TSGA  »  -  « 

3 

Signal  clear  atmospheric  energy  transmission 

TSGC  •  • 

i. 

Signal  cloud  energy  transmission 

THOPTC  ■  -QpT  - 

Optical  thickness  of  the  cloud 

TSGCW  -  -  » 

cw 

Signal  cloud  to  water  energy  transmission 

TSGAW  *  -  « 

aw 

Signal  total  energy  transmission  of  air/water  interface 

’S^WI‘  "  aw;  * 

Signal  air-water  Interface  energy  transmission  due  to 
index  of  refraction  discontinuity 

the 

TSGA'wF  «  -  ,  « 

dWt 

Signal  air-water  interface  energy  transmission  due  to 

and  streaks  on  the  sea  surface 

foam 

’SGW  -  ■  « 

’35kA.  'CBkA* 

TMbicA 

signal  water  energy  transmission 

*BSbKA  =  :•  * 

a 

Background  clear  atmospheric  energy  transmission 

'SC  -  ■ 

Cloud  energy  transmission  of  the  direct  sunTght 

TMC  *  * '  • 

'  CM 

Cloud  energy  transmission  of  the  direct  moonlight 

T5SC  *  ■ 

Cloud  energy  transmission  of  the  blue  skylight 

TZC  -  :'r.  * 

5.4 

Cloud  energy  transmission  of  the  stellar  and  zodiacal 

light 

TiiKCW  •  - 

cw 

Background  cioud  to  water  energy  transmission 
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T  (Continued) 


TSAW 

TMA* 

TBSAW 

TZAk 

taw 

TBKAWF 

AW2 

TSAWN 

"  :AHIS  " 

TMAWN 

'awim  ’ 

TBSAWN 

rAU!B  * 

TZAWN 

*  AW  I Z 

TSW  • 

*WSU 

TWW  - 

’mu  * 

TBSW  - 

W8  * 

::w  - 

*wz 

TABLE 

1  -  Table  1 

TABLE 

2  -  Table  < 

Total  background  enerqy  transmission  of  the  air-water 
interface 

Background  air/water  interface  transmission  due  to  foam  and 
streaks  on  the  sea  surface 

Solar  air/water  Interface  transmission  due  to  index  of 
refraction  discontinuity 

Lunar  air/water  interface  transmission  due  to  index  of 
refraction  discontlnui ty 

Blue  skylight  air/water  interface  transmission  due  to  index 
of  refraction  discontinuity 

Stellar  and  zodiacal  light  air/water  Interface  transmission 
due  to  index  of  refraction  discontinuity 

Solar  water  energy  transmission 

Lunar  water  energy  transmission 
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4.5  MOOEL  UNCERTAINTIES 

The  sub-models  contained  in  Section  4.3  have  a  number  of  uncertainties,  due  to 
a  lack  of  experimental  work.  (The  uncertainties  In  the  signal  models  was  discussed 
In  Section  3.3. ) 

4.5.1  Average  Power  Transmission 

Two  additional  undertalntles  arise  In  the  models  In  Sections  4.3.1,  4.3.2, 
4.3.3,  4.3.4,  4.2.6,  and  4.2.7,  in  addition  to  those  present  in  the  signal  energy 
transmission  models. 

Clear  atmosphere  transmission  for  solar  or  lunar  zenith  angles  greater  than  85° 
Is  not  correctly  given  In  the  SPDPM. 

Air-water  interface  transmission  for  solar  or  lunar  zenith  angles  greater  than 
35°  Is  also  not  correctly  given  in  the  SPDPM. 

The  Importance  of  these  two  Inaccuracies  Is  undetermined,  until  we  estimate 
how  often  such  conditions  aoply  to  the  scenario.  This  will  be  done  in  future  work. 

4.5.2  Angular  Effects 

The  same  uncertainty  effects  apply  here  as  for  the  signal  angular  effects. 

4.5.3  Temporal  Effects 

At  present  all  the  background  sources  In  the  S°DPM  are  taken  as  steady  state. 
The  blolininescent  background  may  have  enough  temporal  structure  to  invalidate  this 
model,  but  no  definitive  results  exist  at  present.* 

Table  4-10  sixmarlzes  the  uncertainty  status  of  the  noise  portion  of  the 
SPDPM. 


•Again,  a  pulse  distorting  filter  Is  not  treated  In  these  sub-models.  Should  It 
become  the  leading  candidate  for  the  ootlcal  filter,  the  temporal  sub-model  would 
need  modification. 
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Table  4-10.  Status  of  Noise  Portion  Models  of  SPDPM 


i 

I 

! 

THIN  CLOUD 

i 

- ! 

THICK  CLOUD 

I 

COWENTS  ON 

experimental  WORK  1 

REQUIRED 

AVERAGE  POWER 

TRanSm!  sr 

: 

! 

1 

! 

Clear  Atmosphere 

Partal 1 ly 
verl fled 

Not  applicable  , 

Large  zenith  angle  prob- 
!  lems.  Impact  TBD. 

i 

Cloud 

Unknown  but 
small  effect 

Unknown 

Signal  experiment 
applicable.  Large  zenith 
angle  effects  TBD. 

Cloud  to  Water 

Not  applicable 

OK 

None 

Air-Water  Interface 

Partially 
verl fled 

OK 

Large  zenith  problems. 
Impact  TBD. 

Water 

Unknown 

Unknown 

A  signal  experiment 
would  be  applicable. 

ANGULAR  EFFECTS 

Shape 

Partial ly 
verl fled 

Pa  rt  1  a  1 1  y 
verl fled 

Should  be  done. 

(Xjt-of-Water 

Contribution 

OK 

Partially 

verified 

Should  be  done  If  other 
related  work  Is  planned. 

Air-Water  Interface 

OK 

OK 

None 

In-Water  Contribution 

Partial ly 
verl fled 

Partial ly 
verl fled 

Needed  for  depth  and  water 
type. 

Combination  of  Effects 

Partially 
verl fled 

Unknown 

Needed 

TEMPORAL  EFFECTS 


Bio  luminescence 


Temporal  character  unknown  as  a  function  of  depth,  loca 
tlon,  submarine  speed,  season.  Some  experimental  work 
Is  needed. 
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4J>  PARAHETER  VALUE  UNCERTAINTIES 

In  addition  to  those  parameter  value  uncertainties  discussed  in  Section  3.5 
for  the  signal  portion  of  the  SPDPM,  the  noise  portion  parameters  are  uncertain 
with  regard  to  background  levels. 

The  solar  and  lunar  paraseters  are  not  uncertain.  The  effective  strength  of 
the  blue  skylight  background  (and  its  solar  zenith  angle  dependence)  is  uncertain 
and  requires  clarification.  It  has  a  significant  Impact  since  for  thick  cloud 
conditions  the  system  may  be  skylight  limited  at  high  latitudes. 

The  starl Ight/zodiacal  light  parameters  are  not  in  question. 

The  strength  of  the  biolininescence  is  very  uncertain,  as  is  its  distribution 

in  depth,  season,  time  of  night,  location,  and  its  response  to  stimulation  such  as 

-3  2 

submarine  motion.  This  is  Important  since  for  the  value  of  10  watts/(m  -micron) 
used  in  the  SPDPM  the  system  is  bioluminescent  limited  for  many  water  and  cloud 
conditions . 

Table  4-H  summarizes  the  uncertainty  status  of  the  "parameter"  values  for 
the  noise  portion  of  the  channel  character! zation. 
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Table  4-i 1 

Status  of  "Input  Parameters"  to  the  Noise  Portion 
of  the  SPDPM 

i  parameter 

1 _ 

I 

j  STATUS 

COMMENTS  ON  EXPERIMENTAL  HORK  REQUIRED 

!  Clear  Atmosphere 

|  Ok 

None 

C 1 oud : 

i 

'COS  •?> 

:  ok 

None 

OK 

None 

*0 

Partially 

known 

No  direct  experiment  possible 

*c 

Partla  1  ly 
known 

Some  work  is  planned  during  first  cloud 
experiment.  Equipment  may  be  too  Inac¬ 
curate  for  good  results. 

T 

Partial ly 
known 

Interpretation  of  data  required. 

Cloud-to-Water 

OK 

None 

Air  Hater 

Interface 

OK,  for  low 
wind  speeds 

Some  required  for  bad  conditions. 

Hater: 

k1 

Partial ly 
known 

Required  .f  not  done  by  other  contractors. 

°1 

Partial ly 
known 

Required  if  available  data  not  able  to  be 
interpreted. 

*s  1 

Partial  ly 
known 

Required  as  a  function  of  depth  and  water 
type. 

S 

Partial  ly 
known 

May  become  available  for  surface  water 
from  ongoing  work.  Needed  for  water  at 
depth. 

n 

OK 

None 

Background  Levels: 

Blue  Skylight 

Partia  lly 
kno*wi 

Needed 

Blolumlnesence 


Unknown 


Needed 
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DOWNLINK  COMMUM ICAT ION  MOOEL 

This  section  discusses  the  model  for  the  optical  communication  link  from  a 
satellite  to  a  submerged  submarine.  The  section  is  organized  as  follows: 

5.1  Oownlink  Commun ications  Nodel-Phll osophy  and  flow  Chart 

5.1.1  Philosophy  of  Approach  -  Oownlink  Communication  Model 

5.1.2  Model  flow  Chart  -  Downlink  Communication  Model 

5.2  Input  Information 

5.2.1  Env irofment 

5.2.2  Requirements 

5.2.3  System  Design 

5.3  Sub-Models 

5.3.1  Area  Relationships 

5.3.2  Temporal  Relationships 

5.3.3  Message 

5.3.4  Modulation/Demodulation 

5.3.5  Scanning  Relationships 

5.3.6  Receiver  and  Source 

5.3.7  AvaHabil  Ity/System  Effectiveness  and  Adaptive  Scanning 

5.4  Computer  Program  for  the  OC-M 

5.4.1  Introduction 

5.4.2  Names  of  Variables 

5.4.3  Listing 

5.5  Model  Uncertainties 

5.5.1  Area  Relationships 

5.5.2  Temporal  Relationships 

5.5.3  Message 
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5.  (Continued) 

5.5.4  Modula'Jon/Oemodulatlon 

5.5.5  Scanning  Relationships 

5.5.6  Receiver  and  Source 

5.5.7  Avallablllty/System  Effectiveness 

5.5.8  Included  SPDPM  Sub  Models 

5.6  Parameter  Value  Uncertainties 

5.6.1  Environment 

5.6.2  Requirements 

5.6.3  System  Design 
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5.1  Downlink  Coawunications  Model -Philosophy  and  Flow  Chart 

This  section  explains  the  basic  approach  used  In  the  detailed  models  presented 
In  Section  5.3,  and  presents  flow  charts  showing  the  Interrelationships  of  the  sub¬ 
models  and  their  required  Inputs.  (These  Inputs  are  discussed  In  more  detail  In 
Section  5.2.) 

5.1.1  Phllosphy  of  Approach-Downlink  Communications  Model 

This  model  Is  an  Intermediate  step  between  the  Single  Pulse  Downlink  Propaga¬ 
tion  Model  (SPOPM)  and  the  Full  OSCAR  Communication  System  architecture.  We  have 
therefore  used  the  approach  that: 

1.  The  SPDPM  is  fully  available  for  use; 

2.  This  Oownllnk  Communication  Model  (DCM)  treats  the  problem  of  communicating 
to  a  specific  area  by  a  single  satellite  within  a  single  time  Interval.  It 
does  not  consider  the  entire  OSCAR  coverage  area,  a  complete  satellite  con¬ 
stellation  suitable  for  covering  that  area,  the  system  effectiveness  of  any 
part  but  the  downlink  communication  link  of  the  OSCAR  system,  etc.  As  such 
it  Is  a  building  block  In  the  complete  system  architecture  just 

as  the  SPDPM  Is  a  building  block  within  this  Oownllnk  Communication 
Model. 

3.  For  a  given  interval  of  time,  the  full  OSCAR  system  requirements  must  be 
met.  During  this  time  Interval,  the  satellite  location,  sun  location,  and 
moon  location  are  completely  specified.  In  addition,  the  area  which  must 
be  comnunlcated  with  is  described  both  geometrically  and  with  regard  to 
Its  complete  propagation  environment; 

4.  The  coverage  area  Is  resolved  into  equal -area  resolution  elements,  each 
with  a  uniform  value  of  the  environmental  parameters  and  each  small  enough 
so  that  signal  and  background  zenith  angle  effects  vary  negligibly  across 
the  element.  Then  each  element  Is  represented  by  a  mean  value  of  latitude 
and  longitude  and  the  SPDPM  is  evaluated  at  that  point,  with  results  which 
apply  throughout  the  resolution  element. 

5.  A  single  system  design  Is  tested  to  see  how  well  It  meets  OSCAR  require¬ 
ments.  Besides  all  the  normal  transmitter  and  receiver  hardware  param¬ 
eters,  this  system  design  considers: 
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5.1.1  (Continued) 

a.  The  satellite  location 

b.  The  choice  of  demodulation  techntque(s) 

c.  The  choice  of  post -detect Ion  processing  for  anti-jam  of  time -of -peak 
demodulation 

d.  The  choice  of  scan  technique. 

6.  This  system  design  Includes  consideration  of  all  the  times  Involved, 
Including  source  warm-up  time,  dead-time  between  frames,  slot  widths, 
and  time  to  slew  to  a  new  spot. 

7.  The  minimum  spot  dimensions  are  dependent  on  their  overlap,  the  adjacent 
spot  revisit  time,  the  satellite  short  and  long  term  pointing  jitter, 
the  scan  technique  and  the  total  time  allowed  to  cover  the  area. 
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5,1.2  Model  Flow  Chart-Downlink  Communication  Model 

A  schematic  of  the  overall  Oownlink  Conaunlcation  Model  is  shown  In  Figure  5-1. 
The  input  parameters  are  designated  as  environment,  requirements,  and  system  design. 
Using  these  inputs,  area  relationships  and  receiver  parameters  (chiefly  the  value 
of  5,  the  angle  between  receiver  axis  and  the  incoming  beam)  are  developed.  In 
parallel,  source  parameters  (like  required  prime  power),  message,  and  modulation/ 
demodulation  equations  are  evaluated.  The  modulation/ demodulation  and  area  rela¬ 
tionship  results  are  used  to  determine  the  scanning  parameters,  and  then  all  the 
parameters  are  used  as  Inputs  to  the  availability  analysis.  Finally,  temporal 
relationships  (like  the  source  on-time)  are  evaluated  from  the  source  and  avail¬ 
ability  results. 


Figure  5-1.  Schematic  of  Oownlink  Conminication  Model 


5.1.2  (Continued) 

Figure  5-2  1$  a  detailed  flow  chart  showing  all  the  calculations  to  be  per¬ 
formed  in  this  model: 

(I)  The  input  parameters  are  listed  in  the  three  ellipses  on  the  left  hand 
side  of  the  figure,  including  environment,  requirements,  and  system 
design.  (The  symbols  are  defined  in  the  glossary  in  Section  2,  and  also 
in  the  input  discussions  in  Section  5.2). 

(II)  The  only  additional  input  Is  the  nominal  TgpT  •  50  value,  shown  in  the 
ellipse  near  the  center,  and  used  in  the  partially  adaptive  scanning 
analysis. 

(Ill)  The  calculation  equations  are  represented  by  the  rectangular  boxes. 

Within  each  box  is  the  symbol  for  the  parameter  to  be  calculated  and  the 
equation  nunber  (from  Section  5.3)  for  the  equation  to  be  used  to  calcu¬ 
late  the  parameter. 

(IV)  SPOPW  within  a  rectangular  box  refers  to  the  full  single  pulse  downlink 
propagation  model. 

(V)  The  diamond  shaped  boxes  represent  branch  points.  Only  one  of  the  two 
(or  three)  paths  coming  out  of  the  diamond  are  followed,  depending  on 
the  value  of  the  parameters  (or  input  choice).  The  branching  parameters 
include  -QPX*  Threshold  or  T1me-of-Peak  Demodulation,  Anti-Jam  Processing 
for  7ime-of.Peak  Demodulation,  q,  T^qT  vis-a-vis  T^,  and  scan  technique. 

(VI)  Key  outouts  of  the  program  include  pT*or  total  satellite  prime  power; 

AyL<  availability  or  system  effectiveness;  Nsp,  the  number  of  spoofing 
events  per  year;  Nj  (or  N'j),  the  number  of  jamming  events  per  year;  and 
N„,  ,  the  number  of  pulses  used  by  a  given  laser  transmitter  to  achieve 


5.2  Input  Information 

This  section  discusses  the  form  and  units  of  the  required  Inputs  to  the  down¬ 
link  communication  model.  These  Inputs  are  divided  into  three  categories,  as  seen 
In  the  computer  flow  charts:  Environment,  Requirements,  and  System  Design. 

5.2.1  Environment 

All  the  Single  Pulse  Downlink  Propagation  Model  (SPDPM)  environmental  Inputs 
are  required  here  since  the  SPDPM  will  be  extensively  utilized.  These  Inputs 
include  b,  T#  3^,  <cos6^,  (Jq»  ^  1  V*  n,  It j •  0^»  1*  ^S/2*  ^S*  ^m/2*  ^m* 

Lz*  and  LBL‘ 

Other  and  new  environmental  parameters  are: 


SYMBOL 

DESCRIPTION 

UNITS 

*RE 

Area  of  a  single  resolution  element 

(Meter)2 

RSU 

Distance  from  sun  to  receiver 

Meters 

*SU 

Solar  latitude 

Degrees 

3SU 

Solar  longitude 

Degrees 

re 

Mean  Earth  Radius 

Meters 

SlU 

01  stance  from  moon  to  receiver 

Meters 

Lunar  latitude 

Degrees 

^MU 

Lunar  longitude 

Degrees 

5.2.2  Requirements 

All  the  Statement  of  Work  requirements  are  entered  here  In 

their  most  elemental 

form: 

SYMBOL 

DESCRIPTION 

UNITS 

ta 

Coverage  Time 

Seconds 

Coverage 

That  area  for  which  a  given  satellite  Is 

- 

Area 

assigned  responsibility  for  the  time  Interval 

Tft.  The  boundaries  should  be  specified  In 

latitude  and  longitude. 
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5.2 .2  (Continued) 

SYMBOL 

DESCRIPTION 

UNITS 

Mio 

The  message  length,  i.e.,  the  number  of  bits 

which  must  be  broadcast  to  the  entire  cover¬ 
age  area  within  T^. 

Bits 

"m 

The  number  of  missed  messages  per  year. 

(This  Is  the  quality  of  service  requirement) 

(Year)*1 

NSP1 

The  number  of  spoofing  events  per  year. 

(Year)*1 

NJi 

The  number  of  j awning  events  per  year. 

(Year)*1 

9 

The  ratio  of  threat  “cost"  to  our  system  "cost." 

- 

0 

Submarine  Depth 

Meters 

5.2.3  System  Design 

All  the  SPDPM  system  design  Inputs  are  required  here  since  It  will  be 
extensively  utilized.  These  Inputs  Include  q,  ,j,  eR,  -*R,  d,  BgpT,  (kT),  F^,  G 
("e/hv) ,  R^,  1^  and  F. 

Other  and  new  system  design  parameters  are: 

SYMBOL 

DESCRIPTION 

UNITS 

lS* 

Slew  time,  scan  time  or  dead  time  between  illu¬ 
minated  spots. 

Seconds 

Source  warm-up  time,  before  it  Is  ready  for  full 
operation. 

Seconds 

PRF 

Source  repetition  frequency 

(Seconds)' 
or  Hz 

gel 

Off-zenith  In-water  receiver  pointing  angle, 
which  may  be  different  in  each  resolution 

element. 

Degrees 

GAZ 

Azimuth  receiver  pointing  angle,  relative  to  the 
local  longitude. 

Degrees 
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5.2.3  (Continued) 

SYMBOL  DESCRIPTION 

m  Number  of  simultaneously  active  lasers  aboard 

the  satellite. 

Ep  Energy  per  pulse  of  each  active  laser  aboard 

the  satellite. 

Fl  ’Wallplug''  laser  efficiency 

p  'ho  Prime-power  on  the  satellite  required  for  all 

non-laser  functions. 


R$  Satellite  altitude 

Satellite  latitude 
3^  Satellite  longitude 

tf  Dead  time  between  frames 

ts  Slot  width 


TS 

"TOR 

Demodulation 

Approach 


Number  of  bits  per  pulse 

Overlap  factor  between  Illuminated  spots 

Satellite  mis  short  term  angular  jitter 

Satellite  rms  long  term  angular  drift 

Choice  of  threshold  exceedance  or  tlme-of- 
peak  demodulation  approach 


Post  Detection 
Processing  for 
Tl^e-of-Peak 
Demodulation 


Choice  of  post -detect Ion  processing 
approach  to  provide  anti -Jamming  capability 
for  tlme-of-peak  demodulation  approach. 


Scanning 

Approach 


Choice  of  totally  non-adaptlve  scan,  one 
partially  adaptive  scan,  or  fully  adaptive 
scan  technique. 


UNITS 


Joules 


Watts 

Meters 

Degrees 

Degrees 

Seconds 

Seconds 


Radians 

Radians 
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5.3  Sub-Models 


This  section  develops  all  the  equations  used  In  the  calculation  of  the  perfor¬ 
mance  of  the  comnunlcatlon  downlink. 

Section  5.3.1  considers  the  area  relationship  and  develops  the  concept  of 
resolution  elements. 

Section  5.3.2  considers  the  temporal  relationships  and  Section  5.3.3  considers 
relationships  derived  from  the  message  parameters. 

Section  5.3.4  develops  the  modulatlon/demodulatlon  relationships  for  pulse 
position  modulation,  both  threshold  and  tlme-of-peak  demodulation,  and  derives 
signal  to  noise  and  message  structure  requirements  for  quality  of  service,  spoofing 
and  Jamnlng. 

Section  5.3.5  develops  scanning  relationships  while  Section  5.3.6  considers 
new  receiver  and  laser  transmitter  parameters. 

Section  5.3.7  develops  equations  for  system  availability,  for  non-adaptlve 
and  adaptive  scanning. 
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5.3.1  Area  Relationships 

The  input  to  the  downlink  comnunicatlon  system  model  will  Include  the  location 
of  the  satellite  terminal  and  the  location  and  extent  of  the  area  it  is  responsible 
for  communicating  with.  All  the  angular  information  will  be  input  In  terms  of 
latitude  and  longitude.  We  therefore  define,  as  exemplified  in  Figure  5-3: 

R5  Satellite  altitude 

RE  Mean  earth  radius 

Satellite  latitude 

»su  Sun's  latitude 

Moon's  latitude 

Latitude  of  point  within  coverage  area 
Satellite  longitude 
r^y  Sun's  longitude 
"MU  *00ns  longitude 

Longitude  of  point  within  coverage  area. 

From  these  Input  parameters  we  need  to  derive 
R  Range  from  satellite  to  submarine 
Signal  zenith  angle  into  the  water 
Solar  zenith  angle  Into  the  water 
Lunar  zenith  angle  into  the  water. 

It  Is  straightforward  to  derive  the  range  by  expressing  the  satellite  location 
and  submarine  location  in  cartesian  coordinates  with  the  origin  at  the  center  of 
the  earth. 


R*  *  (Xs  -  xE);  ♦  (Ys  -  ye)--  ♦  (zs  -  zEl: 


(5-1) 
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5.3.1  (Continued) 


for 


XE  *  RE  cos  aA1  cos  dAj*  XS  *  <RE  *  RS>  cos  aS  cos  SS* 

Ye  •  R^  cos  iA<  sin  ( 5 - 1  b )  Y$  ■  (R^  ♦  R^)  cos  sin  (5-1e)  ! 

■  R^  sin  aA<;  (5 - 1 c )  •  (R^  ♦  R^)  sin  (5-1f) 


Figure  5-3.  Latitude  and  Range  Satellite  to 
Earth  Geometry 
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5.3.1  (Continued) 


The  expression  becomes,  after  substitution  and  manipulation, 

R, 


*1J 


(Re>Rs)^Re*.Re(Re*Rs)  Jc0S(»A1*:is)|c0$(3fj-r.s)-iyC0S(aAris)^C0S(eAj-ds)eJ 


(5-2) 


From  Figure  5-4,  the  zenith  angle  Into  the  water  for  the  signal  Is  given  by 


1/2 


for 


*S 


R-  •  (R£  ♦  f?s ) *  .  Re:  ♦  2  Re  R  cos 


Comparing  (5-3)  and  (5-4)  It  is  evident  that 


(5-3) 

(5-4) 


:S1j  *  C0S'',T 


/VLM  l 

V  2  //cos(‘Ai*1 


s)[cOS(:-Aj-rs)-l]  ♦  COS(  i^-'jJCcOSfr^-Pj)*!]  -R£ 

’  '  . 

(5-5) 

By  analogy,  for  the  solar  zenith  angle  (since  *M'>  R^) 


-.M» 


SU.<  "  cos  •,7<C0V',Ai*‘SU 

1  J  ' 


c«(r<r;su)-1 


*  CM,’»r,su) 


'*(5-6) 


and  for  the  lunar  zenith  angle  (since  %  *'•  V 


■  *<U  t  ^  •  cos 


7  ;cos< [C0J(=,aj--hu)-1]  *  C0SWi-V[cos<UrW*']|[ 


(5-7) 


These  angular  expressions  must  also  be  interpreted  in  terms  of  an  area  to  be 
covered.  We  assume  the  following  propagation  path  Inputs  over  the  coverage  area: 
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Figure  5-4.  Signal  Zenith  Entrance  Angle  Geometry 
5.3.1  (Continued) 

1.  There  are  four  areas  of  Importance  In  the  OSCAR  scenario: 

a.  The  total  area  In  the  OSCAR  requirement  which  must  be  comnunlcated 
with  during  the  time  Interval; 

b.  The  area  which  a  single  satellite  Is  assigned  to  cover  during  a  single 
time  Interval.  It  is  this  area  which  Is  considered  In  this  Downlink 
Communication  Model  (004),  and  which  we  designate  A^; 

c.  The  single  satelllte/slngle  time  Interval  coverage  area  Aj  Is  divided 
into  environmental  resolution  elements,  of  area  Ap^,  each  of  which  has 
a  uniform  value  of  all  parameters  related  to  the  environment's  effects 
on  both  the  signal  and  background  propagation; 

d.  The  area  of  a  single  Illuminated  spot,  which  will  ordinarily  be  much 
less  than  Ap^,  and  which  will  be  determined  In  later  sections. 

These  four  areas  are  Illustrated  In  Figure  5-5. 
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Figure  5-5.  Illustration  of  Four  Area  Relations 
5.3.1  (Continued) 

2.  Each  resolution  element  Is  much  larger  than  the  smallest  possible  11- 
lim»lnated  spot  area,  but  small  enough  to  allow  for  essential  signal 
level  equality  due  to  signal  and/or  background  zenith  angle  alone  with 
in  the  element,  if  the  environmental  effects  are  uniform  over  the 
entire  coverage  area; 
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5.3.1  (Continued) 

3.  Each  resolution  element  is  bounded  by  constant  latitude/constant  longitude 
lines.  The  four  comers  of  resolution  element  are  then  given  by  (for  the 
first  element  in  the  coverage  area,  for  example) 

laA.  ldA;  laA,  2*A; 

2JA,  1=A;  2aA;  2dA. 


4.  The  entire  resolution  element  is  characterized  by  its  mean  value  of  lat¬ 


itude  and  longitude,  and  it  is  this  value  (a. 


)  which  is  used  in  all 


A1  -Aj 

Single  Pulse  Propagation  Model  calculations.  The  mean  values  are  defined 
by 


1  I  I 

'i  '  7  j  1  lA  *  1*1  *A  | 


(5-8) 


and 


V?  j 


;  ♦  .  I 

A  JTA 


(5-9) 


In  this  way  the  number  of  calculations  (required  to  characterize  operation 
over  the  full  area  with  possible  adaptive  scan  coverage)  are  minimized. 

5.  Each  resolution  element  within  the  coverage  area  contains  the  same  area. 

6.  This  area  shall  have  the  same  width  in  longitude.  Independent  of  latitude. 
Its  angular  dimension  in  latitude  shall  be  varied  to  maintain  equal  areas. 


The  approximate  area  of  a  figure  bounded  by  constant  latitude  and  longitude  is 
given  by 


*RE  ’  tRC  (,2  • 


1-  ♦  r,. 

U2  -  ?,)  COSt-^-j— i)] 


(5-10) 
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5.3.1  (Continued) 

To  Insure  that  the  resulting  resolution  elements  will  not  assume  distorted  shapes 
at  either  latitude  extreme,  we  demand  that  It  be  approximately  symmetric  at  the 
mid-latitude  value,  or 


Rg  )  *  R^  (^2*^ 


or. 


or 


ia  ■  16  COS 


,)  CO,  f£l)  «  .  «». 

p?) 


a^i 


— 


.".a 

.  2 


Putting  (5-11a)  Into  (5-10)  at  -■‘'y-  •  45°  we  find 


(5-lla) 


or 


RE 

[2  ARE) 

"T- 


1/2 


(5-1  lb) 


We  have  solved  (5-Hb)  for  A^E  ■  3(10’,;)m;,  2(10;1)m;,  l(10u)m*  and  5(101B)m: 

and  listed  the  results  in  Table  5-1.  Also  shown  in  Table  5-1  are  the  values  of  the 
corresponding  latitude  boundaries  as  the  latitude  Is  stepped  off  from  0°  to  70°, 
and  the  length  of  each  side  of  the  resolution  element. 

The  spot  sizes  themselves  are  much  smaller  than  these  resolution  elements.  If 
we  maintain  a  circular  spot  Independent  of  signal  zenith  angle,  its  diameter  will 
be  given  by 

0S|>  .  «T  (5-llc) 
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Table  5*1.  Resolution  Element  Angular  Coordinates 
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Table  5-1.  Resolution  Element  Angular  Coordinates  (Continued) 
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Table  5-1.  Resolution  Element  Angular  Coordinates  (Continued) 


5.3.1  (Continued) 


for  ^  •  full  angle  exp  (-2)  transmitter  beam  width  (irradiance).  Using,  for 
example,  a  square  in  circle  for  overlap  from  spot  to  spot,  the  square  coverage 
area  has  a  side 


°SQ  "  0,707  °SP 


(5-lld) 


Then  the  total  number  of  spots  within  a  resolution  element  is  given  by 


H  -  ARE 

nsre  • 


(5-lle) 


Using  D,p  •  30  km.  Table  5-2  shows  the  number  of  spots  within  each  resolution 


'SP 

element  area. 


Table  5-2.  Number  of  Illuminated  Spots  Per  Resolution  Elements  for 
Square  in  Circle  Overlap 


1 


UK" 


5.3.2  Temporal  Relationships 

A  basic  system  requirement  Is  that  the  total  coverage  area  be  coewunlcated  to 
within  a  time  TA,  the  area  coverage  time.  This  Is  accomplished  by  a  spot  scan. 
Therefore,  If  we  define 

Mq  •  Time  to  communicate  to  each  spot,  or 

a  Message  duration,  and 

t$.  •  dead  time  between  messages,  or, 

■  time  to  scan  to  a  new  spot  and  develop  the  appropriate  beam  width,  and 

^OTSP  *  tota1  numb€r  of  spots  within  the  coverage  area,  and  finally, 

t^  ■  source  tum-on/warm-up  time,  then  the  total  on  time  for  a  single 
source,  during  a  given  TA  Interval,  Is  given  by 

(5-12a) 

If  the  calculated  TTQT  >  TA,  and  no  adaptive  techniques  work  to  reduce  It,  then 

(5-12b) 

If  the  source  has  a  pulse  repetition  rate  given  by  PRF,  then  the  total  number  of 
pulses  used  to  communicate  to  the  area  during  a  given  TA  Is  given  by 

( 5-1 3a ) 

Naturally  there  should  be  a  check  that 

(MT0TSP"l)  lst  *  ^OTSP  ”0  1  V  (5-1 3b) 

or  the  system  will  not  meet  the  requirement. 


5-25 


(SDSfUWMA 


5.3.3  Message 

The  fundamental  message  length  to  be  delivered  over  the  time  to  the  cover¬ 
age  area  Is  defined  as  M^q,  with  units  "bits."  In  some  cases,  the  total  number 
of  bits  that  must  be  communicated  to  each  spot  exceeds  M^Q  because  of  the  quality 
of  service,  jamming,  spoofing,  or  practical  hardware  considerations.  We  therefore 
define 


\o  *  M0V 


(5-15) 


for  ■  total  message  length  (bits),  and  •  overhead  bits  added  to  each 
message. 

One  key  requirement  Is  the  number  of  missed  messages  per  year,  defined  as  N^. 
Evidently  the  total  number  of  messages  per  year  Is  given  by 


«  Messages 
Year 


«  Seconds  per  year  a  3.15576  (10') 
'A  TA 


Then  If  Is  the  number  of  missed  messages  per  year,  the  probability  of  a  missed 
message  Is  given  by 


5.3.4  Modulatlon/Demodulatlon 


There  are  three  system  requirements  which  Interact  with/determine  the 
modulatlon/demodulation  approach: 

■  #  of  missed  messages  per  year  per  boat; 

Nj  »  f  of  jammed  messages  per  year  per  boat; 

■  #  of  spoofed  messages  per  year  per  boat. 

This  section  considers  these  requirements  In  terms  of  the  M'ary  modulation  format 
and  various  demodulation  approaches. 

5. 3. 4.1  Modulation 

The  PPM  (pulse  position  modulation)  format  is  used  here  to  minimize 
required  optical  (average)  power  and  to  maximize  the  data  transfer  rate  for  a 
given  source  pulse  repetition  rate. 

The  building  blocks  of  the  format  are  slots  and  frames,  as  shown  In  Figure  5-6. 
Defining  t  ■  slot  width,  and 
i  ■  *  of  bits/pulse, 

then  If  Zl  resolvable  slots  are  Included  In  one  frame,  the  location  of  a  pulse  In 
any  one  of  these  slots  will  denote  the  i  bits. 

Therefore,  frame  width  ■  (21)  t$  seconds. 

If  In  addition  we  define  t.  ■  dead  time  between  frames, 

then  a  message  containing  a  total  of  M^  (bits)  will  have  a  message  duration 

Mg  (seconds)  given  by 


£)  (^)  •  ft  ")  V 

v  (v:s)  •  (v  •) 

(5-17) 

The  message  length  Is  determined  partially  by  the  demodulation  technique, 
since  the  format  and  the  requirements  (N^,  and  Njp<)  determine  the  required 
number  of  overhead  bits  to  be  added  to  M^q,  the  fundamental  message  length. 
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Figure  5-6.  f«3,  M^-9  PPM  Example 


5. 3. 4. 2  Demodulation 

Given  the  fundamental  message  length,  MLq,  the  requirements  (N^.  N j ,  N^p)  and 
the  demodulation  technique,  the  required  signal  to  noise  ratio  per  pulse  and  the 
number  of  overhead  bits  are  determined. 

5. 3. 4. 2.1  Threshold  Detection 

The  first  demodulation  technique  considered  Is  threshold  detection,  I.e.,  the 
pulse  will  be  said  to  occur  at  a  given  time  (within  a  given  slot)  If  the  received 
power  exceeds  a  preset  level,  as  shown  In  Figure  5-7. 

Errors  occur  when  the  noise  exceeds  this  threshold  or  the  signal  ♦  noise  falls 
below  this  threshold. 

Me  define  P^  •  bit  error  probability: 

Pp  ■  puls#  error  probability; 


and 
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Figure  5-7.  Threshold  Demodulation  for  PPM  Format 


5. 3. 4. 2.1  (Continued) 

The  probability  of  a  pulse  error  is  composed  of  the  probability  of  a  missing 
pulse.  Pm  ,  and  the  probability  (PN)  that  at  least  one  of  the  ( 2 *" -1 )  time  slots 
contain  a  noise  spike,  so  that 


P  ♦  P 


N. 


(5-19) 


Since  there  are  2 ' - 1  opportunities  for  a  noise  spike,  the  allowable  single  pulse 
probability  of  false  alarm.  PfA.  is 


P 


FA 


(5-20) 


We  arbitrarily  assume 


P 

m 


T 


and  P^ 


which  means 


rP 

1 


(5-21) 

(5-21) 
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5. 3. 4. 2.1  (Continued) 


and 


Fro*  gaussl an  detection  theory 


for  I  •  Peak  ilgnal  current  ■  (ne/h.)  P^, 

In  •  rtns  noise  current  •  (ne/h.)  (NEP^qj). 
and  I{  ■  threshold  current. 

We  can  therefore  rewrite  these  equations  as 


(5-22) 


(5-23) 


(5-24) 


jt,  •  (TMR)  •  [.’.n  (2.3  PFA)]’/2 
*n 


Recall  equation  (5-16) 


P 

m 


rt  A 

3.15575  (KPT 


(5-25) 


(5-26) 


*  Due  to  large  background  levels,  the  Gaussian  regime  applies  almost  always  in 
the  OSCAR  scenario. 
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5. 3. 4. 2.1  (Continued) 

for  ^  •  a  of  missed  messages  per  year, 

Ta  •  time  to  deliver  each  message  to  the  coverage  area, 

■  probability  of  a  missed  message. 

If  «te  take  the  probability  of  a  missed  pulse  to  be  the  same  as  the  probability  of 
a  missed  message,  then 


PP  \  TA 

p*  •  ? - rra7TWT  • 


and  re-using 


PFA  * 


2(2T-1)  2(2t-l)  3.15576  (10') 


(5-27) 

(5-28) 


pp  ^ 

and  P£  "  *?  "  5.15578  0S:7 


(5-29) 


then  tne  threshold-to-noise  ratio  becomes 


TNR  - 

» 

-2  in 

(  \  T»  \ 

1/2 

\  (2* -1 )  3.15576(10*)/ 

m 

* 

(5-30) 


while  the  siqnal-to-nolse  ratio  becomes 


I- 


-  „  (:  '3  >  >  \ 

1/2 

/v3  v*  il 

\[3. 15576  (10’)/ 

„  - 

\(2t-1)  (3.15576(10’)/ 

1/2 
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These  e*presslons  yield  the  required  single  pulse  (TNR)  and  S/N  In  terms  of 
the  requirements,  N^  and  TA,  and  a  parameter  of  the  modulation  format,  t. 

In  considering  the  Jamming  (Nj)  and  spoofing  (N$p)  requirements  and  their 
effects  on  the  system  parameters.  Me  start  Mith  the  following  assueptioos: 


5-31 


5. 3. 4. 2.1  (Continued) 

(1)  Frame  times,  slot  times,  average  PRF  and  scanning  patterns  are  all  unknown 
to  the  Spoof er/ Jammer; 

(2)  ”g"  times  as  many  spoof/jam  pulses  occur  on  the  average  In  any  given  time 
period  as  do  signal  pulses; 

(3)  Spoof/jam  pulses  are  of  amplitude  equivalent  to  the  signal  pulses,  and  will 
cross  the  threshold; 

(4)  Submarine  position  Is  unknown  to  the  spoofer/jammer; 

(5)  The  scanning  of  the  spooler/ jaawer  is  random. 

In  effect,  then,  the  submarine  Is  fixed  in  space  during  the  scanning  time,  and  the 
received  spoof/jam  pulses  will  occur  randomly  In  time  because  of  both  random  scan¬ 
ning  and  random  timing. 

The  n»anber  of  signal  pulses  received  In  every  period  Tft  will  be 


while  the  number  of  spoof/ jam  pulses  will  be 


jj 

SP  si 


(5-33) 


Then  the  probability  of  a  spoof/jam  pulse  occurlng  In  any  particular  time  slot 


of  width  ts  within  the  time  T^  Is 


P1  ’  1 


.  *  v  so  si 
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m 
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for  w-  <<  1. 
'A 
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5. 3, 4. 2.1  (Continued) 

To  spoof  the  receiver  we  will  assune  that  one  and  only  one  pulse  will  occur  In 
each  of  the  M^/t  frames.  Then  the  probability  of  one  and  only  one  pulse  occurring 
In  a  frame  of  ZL  slots  Is 


2"  P,  ( 1  ■ 


V 


2i-1 


and  the  joint  probability  that  frames  are  satisfied  Is 


)  2*  P 

I  1 


(1 


>P1^ 


2l- 1 


(5-35) 


For  the  message  duration  given  by  In  (5-17),  the  number  of  message  durations  per 
year  are  given  by 


3.15576  (10’) 

"b 


so  that  the  nunber  of  successful  spoofing  events  per  year  Is 


NSP  ’  PSP 


3.15576  (10’) 

. \ 


(5-36) 


Using  (5-17),  (5-34)  and  (5-35), 


.•i'R©[-c-»x4a 


2£-1  V* 


[3.15576  (107)]  X 


(5-37) 


5-33 


QSDSVUMMA 


5.3. 4. 2.1  (Continued) 

This  expression  Is  used  to  calculate  N^p  as  a  function  of  the  requirements 
(g,  ,  Ta).  hardware  parameters  ( ts .  tp)  and  modulation  format  (t).  The  result 
Is  to  be  compared  with  the  Inputted  requirement  for  spoofing: 


NSP1  '•  nsp- 


(5-38) 


Jamming  Is  defined  here  as  either  Inserting  one  extra  pulse  In  any  signal 
frame,  or  inserting  at  least  one  pulse  In  a  frame  immediately  preceding  or  following 
the  signal  frames. 

The  probability  of  at  least  one  extra  pulse  in  the  frames  is 


PJ1  “  1  *  <l-P1 


(5-39) 


while  the  probability  that  at  least  one  pulse  exists  in  either  adjacent  frame  Is 


>J2  •  .  -  [o  -  p/]2  . 


(5-40) 


The  total  jamming  probability  is  then 


PJ  -  1  *  (1  -  V  (i  •  V 


•  1  -  [ !  -  P, ]  V  ?iM 


(5-41) 


Since  these  are  —  }  messages  received  per  year  per  boat,  the  number  of 


Jammed  messages  per  boat  Is  given  by 


N.  •  P,  3.15576  (107). 

.1  J  W  "  ■>  1 

‘a 


(5-42) 
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S. 3.4, 2.1  (Continued) 
Using  (5-34)  and  (5-41), 


1 - 

t  M,  ) 

r  v/  P-11  ~l ' 2  *' 

3.15576  (10’) 

V 

‘TT ' /U)J 

v  • 

This  expression  Is  used  to  calculate  the  number  of  janeed  messages  per  boat 
per  year,  Nj,  as  a  function  of  the  other  requirements  (g,  T^),  a  hardware 

parameter  (t^)  and  a  property  of  the  modulation  format  U).  Th*  result  Is  to  be 
compared  with  the  Inputted  requirements  for  jamming: 


N..  <  N,.  (5 -44a) 

jl  '  J 

Note  that  no  additional  bits  were  added  to  obtain  suitable  operation,  and  so  for 
threshold  demodulation. 


lo 


(5 -44b) 


5. 3. 4. 2. 2  Tlme-of-Peak  Detection 

The  second  demodulation  technique  considered  Is  tlme-of-peak  detection,  l.e., 
the  pulse  Is  determined  to  occur  at  that  time  within  the  frame  at  which  the 
maximum  value  of  received  energy  occurs,  as  shown  In  Figure  5-8.  This  determination 
Is  made  following  a  filter  matched  to  the  pulse  width. 

The  probability  of  error  is  now  taken  as  the  probability  of  at  least  one  noise 

peak  exceeding  the  signal  peak  and  In  an  Incorrect  time  slot.  This  Is  done  using 

2 

the  bound  on  this  probability  , 


l  ’  1 

*?-UVIn)J 


exp 


P(x)  < 


(5-45) 
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Figure  5-8.  Tlme-of-Peak  Demodulation  for  PPM  Format 
5. 3. 4. 2. 2  (Continued) 


for  y  ■  number  of  slots  in  the  frame  ■  2l 


x  •  the  event  corresponding  to  one  peak  exceeding  the  signal  level  at  a 
given  S/N. 

Therefore,  P(x)  «  Pp  •  P  ?  J 

L  (2-1) 


and 


2l- 1 


2’T-  S/N 


and  using  (5-29)  again, 

*mta  .  2l-l  .  .  r  l  /S\M 
rT557TTnrT  1  2,7=  (S/N)  exp  ■  [l  UJ  J 


(5-46) 


This  equation  cannot  be  Inverted  to  yield  the  S/N  required  to  satisfy  a  given  N^T^ 
requirement  for  a  given  modulation  format,  1.  Instead,  for  the  given  i  and  N^T^, 
valjes  of  (S/N)  are  Inserted  until  the  equation  Is  satisfied,  and  that  value  Is 


% 
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5. 3. 4. 2. 2  (Continued) 

taken  as  the  required  (S/N).  S/N  ■  5  Is  the  lowest  value  considered,  and  It  Is 
Incremented  In  steps  of  0.1  until  (5-46)  Is  satisfied  for  the  value  of  i  selected. 

The  tlme-of-peak  demodulation  technique  provides  an  extreme  problem  for  the 
signal  processor,  since  every  frame  will  have  a  peak  and  therefore  every  group  of 
frames  of  appropriate  length  will  have  to  be  processed  to  search  for  a  signal. 

To  relieve  this  problem  and  meet  the  N  (#  of  missed  messages  per  year  per 

HI 

boat)  requirement,  we  consider  the  addition  of  w  extra  frames,  each  containing  a 
pulse  In  Its  own  preselected  slot.  If  we  then  state  that  the  receipt  of  a  false 
message  (due  to  ambient  noise  sources)  Is  equivalent  to  the  loss  of  a  true  message, 
we  may  proceed  as  follows: 

If  the  signature  pulse  may  be  In  any  one  of  the  2*  slots  of  a  given  frame, 
and  w  signature  pulses  (In  w  frames)  are  used,  then  the  probability  that  the  total 
signature  will  be  duplicated  Is  approximately  given  by 


(2£)"  2*"' 


(5-47) 


Since  the  first  frame  of  a  false  signature  may  be  any  frame  In  a  year,  the 
expected  number  of  false  signatures  per  year  Is  the  same  as  the  number  of  missed 
messages  per  year,  or. 


3.15576 


<s  21 


(5-46) 


Solving  for  w  we  find 


5. 3.4. 2. 2  (Continued) 

with  the  provision  that  the  result  of  (5-49)  Is  always  rounded  off  to  the  next 
highest  integer  If  It  Is  non-integer,  since  the  #  of  additional  signal  fraaies 
must  be  an  Integer. 

This  procedure  results  in  a  niaaber  of  overhead  bits  per  message. 


%  ■  "• 


(5-50) 


and  a  total  message  length 

\  "  \ o  ♦  "*•  |  (5-51) 

In  considering  the  jarmiing  (fT)  and  spoofing  (N^p)  requirements,  the  same 
5  assumptions  as  In  Section  5. 3. 4. 2.1  are  again  made.  In  particular,  “g”  times 
as  many  spoof /Jam  pulses  occur  on  the  average  In  any  given  time  period  as  do 
signal  pulses. 

Consider  spoofing: 

The  number  of  signal  pulses  received  during  area  coverage  time  T^  Is 

\l  •  i>  (5-52) 


while  the  average  number  of  threat  pulses  during  the  same  time  Is 


sp\i 


(5-53) 


Then  the  probability  that  one  threat  pulse  will  occupy  any  particular  slot  (of 


width  t$)  within  the  time  TA  Is 

/  t  \Sp"s1  gtM 

(5-54) 

for  t$  <<  Ta. 
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5.3.4 .2.2  (Continued) 

To  spoof  a  message  using  the  w  signature  pulse  approach  requires  that  all 
w  pulse  positions  be  duplicated.  Therefore,  the  probability  of  spoofing  Is 


(5-55) 


Since  the  message  duration  Is 


v  (1£) .  CV'. 


(5-56) 


for  tf  ■  interframe  dead  time, 

and  there  are  opportunities  for  messages  per  year, 

then  the  number  of  spoof  events  per  year  are 


NSP  ’  PSP 


3.15576  (IQ*) 


or. 


((tS  ')  ‘f 


(5-57) 


Once  w  Is  determined  by  (5-49),  (5-57)  Is  evaluated  to  determine  If  the 
spoofing  requirement  Is  met,  so  that  (5-57)  Is  compared  to  the  Inputted  spoofing 
requirement: 


NSP1  $  NSP  • 


(5-58) 


With  regard  to  jamming,  we  assume  initially  that  jamming  occurs  whenever  a 
threat  pulse  falls  within  a  signature  frame  In  any  unoccupied  slot,  since  then  the 
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5. 3.4. 2. 2  (Continued) 

signature  will  not  be  recognized.  Since  there  are  Zl  -  1  unoccupied  slots  within 
each  signature  frame,  the  probability  of  jamnlng  is 


P 


J 


1  -  (1  -  P,)"*2*’1* 


•  w  (2^-1 ) 


(5-59) 


again  for  t$  <<•  TA- 
Since  there  are 
messages  is 


3.15576  (10M 

— 


messages  sent  per  year,  the  number  of  jammed 


N.  •  3.15576  (10?)  w  t>-Ml  . 

J  ~a: 


(5-60) 


Again,  after  evaluation  the  comparison  is  made 

NJ<  <  Hy  (5-61) 

However,  many  values  of  the  parameters  exist  for  which  <  N^,  for  all  other 
requirements  easily  met.  We  therefore  consider  an  alternative  post -detect ion 
processing  scheme,  which  will  accept  a  frame  with  two  peaks,  one  of  which  is  in 
the  correct  slot,  as  a  valid  signature  frame.  Then  to  jam  the  link,  two  threat 
pulses  would  have  to  occur  in  the  signature  frames. 

Since  the  probability  that  a  single  threat  pulse  occurs  within  a  given  frame 
in  an  unoccupied  slot  Is 


PF  •  1  -  (1  -  P,) 


2*  -1 


(2l-D  Pr 


(5-62a) 


(for  Pj  '<  1,  true  for  ts  «■  T^).  Then  the  probability  that  two  threat  pulses 
occur  in  a  given  frame  Is 


P2F  "  (Pp)2  '  [1  *  (1  -  Pj)2"*1]2  •  (2!-D2  P;2- 


1 


(5-62b) 
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5-40 


MC»' 


5. 3. 4. 2. 2  (Continued) 

Then  the  jamming  probability  Is  the  probability  that  two  pulses  occur  In  any  of 
w  frames,  so  that 


P'j  »  1  -  (1  -  P2F)*  -  wP2F  -  wU*-!)2  Pj2 


and  the  comparison  equation  Is 


(5-63) 

(5 -64a) 

(5-6 4b) 


In  running  this  program,  then,  the  post-detection  processing  must  be  specified 
before  It  can  be  determined  if  the  jamming  requirement  is  satisfied. 

References  for  Section  5.3.4 

1.  RCA  Electro-Optics  Handbook,  Section  8,  RCA  -  1968 

2.  J.  M.  Wozencraft  and  I.  M.  Jacobs,  "Principles  of  Communl cation  Engineering," 

John  HI  ley  and  Sons,  1965,  p  629. 
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5.3.5  Scanning  Relationships 


The  area  to  be  covered  is  illuminated  by  spots  of  relatively  small  diameter. 
Each  spot  is  illuminated  for  a  length  of  time  given  by  the  message  duration  (Mp)  of 
equation  (5-17),  and  then  the  transmitter  is  redirected  to  a  new  spot.  If  we  define 
this  slewing  time  as  t  .  then  the  total  time  devoted  to  each  spot  may  be  taken  as, 

TSP  "  *D  *  *il‘  (5‘65) 

To  determine  the  total  time  to  scan  the  entire  area  of  responsibility,  we  define 


*sp  ■  area  of  spot 

and  AsC  ■  area  of  useful  coverage  within  the  illuminated  spot. 


As  a  baseline  we  take  the  square  in  circle  pattern  defined  in  Figure  5-9a. 
The  effective  area  covered  by  the  inside  square  is  given  by 


A 


sc 


where: 

Djp  ■  spot  diameter, 

0Sq  ■  square  side. 

..  ■  overlap  factor,  defined  by 


Since  A  •  —  0  2 
sp  a  sp 


AscMIN 


•  -  D1 

spHtN 


(5-68) 


2 

and  (4^  /’)  is  the  general  efficiency  factor  of  the  scan  oattem.  For  t  •  0.707, 
this  efficiency  factor  »  (2/-)  ■  0.637,  which  Is  the  highest  possible  for  any 
square  Inside  a  circle. 


I 


(BDsmimma 


5.3.5  (Continued) 

There  is  a  finite  probability  that  the  motion  of  a  submarine  may  allow  it  to 
escape  coneunication  (connect i vi ty  failure)  if  its  initial  position  and  velocity 
value  are  unfavorably  related  to  the  scan  pattern.  We  will  here  estimate  the 
probability  of  these  positions  and  velocity  vectors  occurring  if  the  submarine  is 
randomly  positioned  relative  to  the  scan  pattern. 

The  baseline  "square-in-a-circle"  scan  is  assumed  and  the  squares  are  offset  in 
succeeding  lines.  The  worst  case  for  timing  is  assumed:  the  adjacent  spots  are 
visited  with  the  maximum  elapsed  time.  It  is  also  assumed  that  the  submarine 
velocity  magnitude  ts  constant  and  that  the  velocity  vector  direction  is  constant 
during  the  intermessage  times. 

The  square  in  a  circle  pattern  is  as  shown  in  Figure  5-9. 


Figure  5-9.  Square-in-Circle  Overlap  Scan  Pattern 

4e  will  concentrate  on  area  IIT  which  receives  the  message  during  the  last 
soot  of  revisit  time  with  areas  I  and  I!  being  first  spots  illuminated. 

I *  a  submarine  is  in  area  III  during  the  first  soot  ♦ime,  and  moves  out  of 
circle  3  during  revisit  time,  it  will  escape  communication. 
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5.3.5  (Contirued) 

Because  of  the  synwetry  of  the  problem,  we  wi  1 1  consider  only  one  eighth  of  the 
square  as  shown  in  Figure  5-9d. 

The  square  side  Is  Ojq  and  the  circle  radius  is  ^sg.  Thus  DSq  •  V^yDsp 

If  vtA  is  the  distance  the  submarine  moves  during  revisit  time,  there  is  an 
area.  A,  within  which  the  submarine  cannot  escape  comunlcatlon.  There  is  also  an 
area  B  within  wh*ch  the  submarine  will  have  been  communicated  to  during  the  first 
frame. 


2 


Figure  5-9d.  Escape  Geometry 

’he  area  C  is  an  area  within  which  the  submarine  may  escape  if  the  velocity 
direction  is  within  bounds. 
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5.3.5  (Continued) 


It  is  difficult  to  write  an  analytical  expression  for  area  C  but  It  can  be 
approximated  by  the  'ollowong  approach: 

•Kd/2-*T»)2 


Area  A  ■ 


,R2_c2 

Area  (B^O)  •  — jp- 


•R2  -  2R2  R2(  — 2) 

— g —  *  nr  * 
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(>•»'  Crf (> •vl)2 
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1  -  1  *  2  -  1 

4  ?  2  i 
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The  probability  of  conditional  escape  is: 


P  .  _c  .  LA;b*c):a-b 
CE  WT  (A*B*C) 


i.-O. 171 


;  ( 'i.1 


Note  that  the  probability  can  never  be  less  than  zero,  therefore: 


'rA 


■  0.274 


for  conditional  escape. 


"herefore  for  the  condition 


0  7.3  vT.  there  will  be  no  connectivity  failure. 

SO  -  A 


5.3.5  (Continued? 

However,  this  is  unnecessarily  restrictive.  Consider  a  particular  case  with 
the  following  assumed  values: 

1.  Spot  site  (minimun)  O^g  ■  20  Km,  ^sg  ■  14.1  Km 

2.  Submarine  velocity  x  time  •  6  Km 


Therefore  vT  •  0.424  which  exceeds  the  limit  above.  This  area  is  the 
°so 

darker  shaded  area  in  Figure  5-9e. 

This  area  is  estimated  graphically  as  two  small  triangles  with  areas  of  7 
squares  and  3  souares,  respectively,  where  the  total  area  (A*B*C)  is  128  squares 


Figure  5-9e.  Escape  Geometry 

The  direction  q*  possible  escape  from  the  larqer  triangle  <s  any  angle  less 
than  an  estimated  35"  from  the  '•adlus  line.  Therefore,  assuming  uniform  probability 
of  direction,  the  orobabllitv  of  escape  direction  is 

35 :  •  0.1944 

180' 

From  the  snaller  triangle  the  escape  direction  must  be  less  than  20  from 
radius  vectors  which  leads  to  a  probability  of  0.111. 

"here^ore  the  overall  probability  of  escape  with  these  conditions  is: 

•  0.0106  x  0026  •  1.3% 
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P  •  ^  x  0.1944  ♦  3  x  0.111 


5.3.S  (Contimed) 

Mote  that  if  vTft  <_  4km,  there  is  no  escape.  Thus,  If  the  time  Is  random,  there 
is  only  a  1/3  probability  that  vT  is  greater  than  4  for  the  particular  velocity. 

Therefore  the  probability  of  escape  is  less  than 

PE  10.41 

especially  considering  the  narrower  escape  angles  which  have  not  been  included  in 
the  approximation  and  that  other  worst-case  assumptions  have  been  made. 

It  should  also  be  noted  that  on  a  purely  statistical  basis  one  would  estimate 
that  the  probability  of  two  consecutive  connectivity  failures  would  be 
(.004)’  ■  1.6  x  !0-\  However,  by  studying  the  geometry,  one  realizes  that  if  the 
direction  is  not  abruptly  changed,  the  submarine  Is  in  an  unconditional  area  at  the 
start  of  the  second  r*  .Hod  and  will  not  escape  communication. 

Therefore,  it  is  concluded  that  the  probability  of  connectivity  failure  Is 
considered  negligibly  small  If 

I  Ojp  _>  4. 7  vT^ . 

For  the  OSCAR  requi rements,  th*s  condition  Is  nearly  always  met,  so  we  shall 
not  consider  this  as  a  limit  in  the  DCM  analysis.  (Section  4.3  of  Volume  4 
discusses  this  point  further.  ) 

Returning  now  to  our  basic  discussion  of  scanning,  and  the  nurt>er  of  spots  per 
resolution  element, recal 1  A^^  •  area  of  resolution  element.  Thus  the  nunfcer  of 
illuminated  spots  within  a  resolution  element  is  given  by 


’SREMA* 


SCMIN 


(5-69) 


\*  there  are  ?UqT  re  resolution  elements  within  the  area  of  responslbi 1 ity  of 
the  satellite,  then  the  total  nunfcer  of  spots  (assuming  equal  beam  diameters 
throughout)  Is  given  by 


*T0T  sp  *  (NT0T  RE*  ^SRE* 


(5-70) 
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5.3.5  (Continued) 

and  the  total  time  required  to  cover  the  entire  area  of  responsibility  Is 

( 5-71  a ) 

( 5-71 b ) 

If  >  Ta,  then  another  terminal  located  on  the  satellite  Is  required.  We 
shall  discuss  this  further  In  Section  5.3.7  on  Adaptive  Scanning. 

For  an  elliptical  spot,  the  area  Is  given  by 


TT0T  "  (HT0T  sp  <Tsp>  *  lst 


TT0T  “  (NT0T  sp^  <V  ^"tOT  sp"15  lsf 


A--  *  T  D«»  °c~(C0S  ?«) 


sp 


sp  sp' 


(5-73) 


for  js  ■  signal  zenith  angle 

q  •  factor  between  0  and  1  related  to  the  satellite  transmitter's 
ability  to  correct  for  the  zenith  angle  spreading. 

From  the  properties  of  ellipses,  any  rectangle  within  an  ellipse  which  touches 
all  sides  has  the  area 


ScTIJMIN  *  °spMIN  °spMIN(c0S  Slj^  c  (1  " 


which  leads  to  the  area  efficiency  coverage  factor 
*RCT  4  .2  1/2 

t:  ~  01 


(5-75) 


and  the  same  condition  on  t^y  as  (5-67)  If  the  ellipses  are  overlapped  as  the 
circles  are  In  Figure  5-9.  This  efficiency  factor  Is  maximized  for  <■  »  0.707,  Just 
as  for  the  square  In  the  circle  approach,  and  again  •  0.637. 
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5.3.5  (Continued) 

The  nunber  of  spots  per  resolution  element  would  now  be 


(5-76) 


end  (5-70)  and  (5-71)  are  then  useable  for  the  new  value  of  when  summed 

over  1j. 

The  final  key  parameter  of  the  scan  pattern  Is  the  allowable  minimum  size  of 

D  _  determined  by  satellite  stability.  This  diameter  Is  related  to  the  satellite 

sp 

range  and  beam  divergence  by 

°sp  •  *T  (S-77) 

for  the  assumed  small  angles  Involved  here. 

In  turn,  must  be  greater  than  a  minimum  determined  by 

(1)  The  satellite's  induced  pointing  jitter  during  a  single  message  duration, 
which  we  characterize  by  its  rms  value  *TS, 

(2)  The  satellite  long  term  angular  drift,  so  that  a  spot  position  adjacent 
to  a  previously  Illuminated  spot  Is  precisely  located.  This  effect  Is 
characterized  by  Its  rms  value 

Negligible  pointing  Induced  signal  loss  Is  encountered  If 

*THtN  ’  «>  l“T52  *  V’  <5-78> 


which  Implies 


°sp*IN  "  10  R1jMAX 


TOR 


2}l/2 


(5-79) 


This  point  will  be  further  discussed  In  Section  5.3.7  on  Adaptive  Scanning. 
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5.3.6  Receiver  and  Source 


Some  particular  aspects  of  the  laser  transmitter  and  receiver  must  be  modelled 
In  order  to  provide  a  full  downlink  communications  model. 


5. 3.6.1  Receiver 


We  need  to  derive  the  In-water  angle,  f,  between  the  optical  axis  of  the 
receiver  and  the  signal  beam,  the  sun,  the  moon,  and  the  local  vertical,  respectively. 

We  first  consider  the  signal  beam.  The  Input  to  the  model  is  the  latitude 
(i5).  longitude  (3$)  and  altitude  (R$)  of  the  satellite,  and  the  latitude  (aAl )  and 
longitude  {:V  of  the  receiver.  From  these.  In  Section  5.3.1  we  derived  the 
range  from  satellite  to  receiver  [R.  equation  (5-2)],  and  the  signal  zenith  angle 
Into  the  water  [*s,  equation  (5-5)].  Since  ‘SR15  the  In-water  angle  between 
receiver  optical  axis  and  signal  principal  direction,  we  must  transform  the  Input 
Information  Into  the  local  coordinate  system  centered  on  the  receiver  and  oriented 
to  local  vertical.  It  is  also  useful  to  align  an  axis  with  the  local  longitude. 


We  therefore  perform  the  following  coordinate  transformations  (cf  Figure  5-10): 

1.  (xj,  yr  Zj)  Is  the  earth  centered  system 

2.  (x2,  y-,  z2)  is  the  system  whose  origin  Is  at  the  receiver,  but  whose 

three  axes  are  parallel  to  the  earth-centered  axis. 

3-  {*3.  y3«  *3)  Is  a  system  resulting  from  the  rotation  of  the  (x2,  y2,  z2) 

system  about  the  z2  axis  by  an  angle  ;!y 

4.  (*4.  y 4.  *4)  Is  «  system  resulting  from  the  rotation  of  the  (xv  y3,  Z3) 

system  about  the  y-j  axis  by  an  angle  (j  -  ^ ) ,  resulting  In  z4  along  the 

local  vertical  and  x^  along  the  direction  of  constant  longitude. 

In  the  (xj ,  y1 .  z^ )  system,  x^  and  xs  are  given  by  the  equation  Imnedlately 
following  equation  (5-1)  [equation  (5-la)  through  (5-lf)].  For  the  satellite,  then, 
the  transformation  of  Its  coordinates  Into  the  (x2,  y2,  z2)  system  Is  given  by 


*2 

y2 

z2 


*s  •  *E; 

(5 -80a) 

ys  *  yE’ 

(5-80b) 

zs  -  zE. 

(5-80C) 
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5.3.6. 1  (Continued) 

Rotation  about  the  z2  axis  by  an  angle  B  ^  results  In  the  transformation  equation. 


x3  ■  x2  cos  ♦  y2  sin  Bj; 
y3  •  y2  cos  dj  -  x2  sin  Bj ; 

*3  "  zZ' 


( 5-81  a ) 
( 5-81 b ) 
( 5-81 c ) 


Finally,  rotation  about  the  x3  axis  by  the  angle  (y  -  ij) 
formation  equations 

x4  •  *3  sin  -  Z3  cos  ; 
y4  *  y3; 

z4  "  z3  s1n  li  *  y3  cos  V 


results  In  the  trans- 

(5 -82a) 
(5-82b) 
(5-82c) 


The  signal  zenith  angle  In  the  last  coordinate  system  is  given  by 


's 


-1 

cos 


ITT177 


(5 -83a) 


which  Is  equivalent  to  the  result  In  equation  (5-5). 

The  signal  azimuth  (relative  to  because  of  the  coordinate  transformation) 
Is  given  by 


*sA1  J  ’  Un'1 


L 


/yi\  .  r.-*1  1 

I  —  1  •  tan 

V*/  1 

J 


(5-83b) 


5. 3.6.1  (Continued) 

The  In-water  azimuth  Is  the  same  expression,  while  the  In-water  zenith  angle  Is 
given  by 


(5-84) 


for  n  •  sea-water  Index  of  refraction. 

If  the  receiver  pointing  angle  Is  characterized  by 

GeHj  ’  2en1th  pointing  angle 

«  azimuth  pointing  angle  (In  the  x^,  y^,  z^  system),  then  the  In¬ 
water  angle  between  the  signal  and  receiver  axis  Is 


The  solar  and  lunar  off-receiver  axis  In-water  pointing  angles  are  derived  In 
a  like  manner,  using  equation  (5-6)  for  :Ju  and  equation  (5-7)  for 
Equations  (5-la  through  5-1 f }  are  the  same  form  with 


Rs  -  RJu  (sun  range). 


and  R.  -  R,.  (moon  range). 
>  mu 


However,  since  R,  >>  Rc  and  R_  >>  Rc,  the  first  (translation)  transformation  for 
su  t  mu  t 

the  sun  and  moon  becomes 


x2  "  xsu 
*2  *  *su 
*2  "  zsu 


xmu)‘ 

(5 -86a) 

* 

(5-86b) 

2mu^ ' 

(5 -86c) 

5-53 


t.Tt  I-'  . 


5.3.6. 1  (Continued) 


and 


"  I 


cos  *  *  s1n  s, 

mu  1 


J  »  '  A _  9IH  tJj  | 

tan  *  /  •••**  J  mu  j  I 

^muAU  ‘  )(*„*  C0S  Sj  *  >mu  s1n  V  s1n  a1  *  2mu  C0S  a1  f 


and 


so  that 


(5-92) 


(5-93) 


'muRlj 


cos’1  {sir,  0EL(J  sin  [cos  ♦  cos  G£Ltj  cos 


(5-94) 


Note  that  the  parameters  R,..  and  R_  do  not  appear  In  the  final  result  since 

s  u  mu 

they  cancel  out  of  (5-88)  and  (5-92)  respectively . 

For  the  diffuse  sources.  It  Is  evident  that 


5. 3.6.2  Laser  Transmitters ) 

The  transmitter  Is  described  by  a  much  simpler  model.  We  define 
•?j  ■  full  angle  e  Irradlance  beam  divergence; 

Ep  »  energy  per  pulse  at  the  laser  transmitter; 

PRF  «  pulse  repetition  frequency  of  the  laser  transmitter. 


Then 


AV 


(Ep)  (PRF). 


(5-96a) 


for  PAV  ■  average  power  of  the  laser  transmitter. 

Since  there  may  be  more  than  one  laser  on  a  given  satellite,  we  define 


m  ■  number  of  lasers  (or  terminals)  per  satellite,  so  that 
mPAv  ■  total  optical  power  capability  of  the  satellite. 


If  we  then  define 


(5 -96b) 


Fl  ■  efficiency  of  the  laser  f’wall  plug"),  then 


P  'F 
L  l 


mP 


AV 


(5 -96c) 


for  PL*  *  total  prime  power  reouired  on  the  satellite  to  sustain  the  lasers  aboard. 

In  general,  additional  prime  power  will  be  required  for  other  subsystems  on 
the  satellite,  so  we  define 
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5. 3. 6. 2  (Continued) 

pun  *  prime  power  on  the  satellite  required  for  all  non-laser  functions. 


(5-97) 

for  •  total  prime  power  capability  required  on  the  satellite. 
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5.3.7  Aval labl 1 1 ty/System  Effectiveness  and  Adaptive  Scanning 

The  final  requirement  to  be  covered  Is  the  availability  or  system  effectiveness. 
This  Is  a  calculated  value,  depending  on  the  system  and  propagation  path  Inputs, 
and  Is  compared  to  the  requirement  at  the  end  of  the  entire  calculation. 

Availability  of  the  cownunlcations  downlink  depends  on  both  time  and  area,  l.e., 
a  part  of  the  required  area  will  be  unavailable  If  the  SNR  Is  too  low  to  communicate 
to  it,  or.  If  the  system  takes  all  the  alloted  time  (TA)  communicating  to  the  rest 
of  the  area. 

This  approach  to  availability  suggests  that  If  more  than  one  active  laser  exists 
on  each  satellite,  and  If  its  characteristics  could  be  modified  to  aid  on  other 
resolution  elements,  that  availability  might  be  thereby  Increased. 

There  are  numerous  possible  variations  of  adaptive  scanning,  and  we  shall  treat 
only  three  extremes  here: 

1.  The  totally  non-adaptlve  system,  which  uses  a  single  transmit  beam 
divergence  and  enerqy  per  pulse  over  the  entire  area  of  responsibility; 

2.  A  system  which  does  not  compensate  for  the  environmental  condition;  but  does 
compensate  for  zenith  angle  effects  by  varying  its  transmit  beam  width; 

3.  A  system  which  compensates  for  all  conditions. 

5.3.7. 1  Non-Adaotl ve  Scanning 

If  the  satellite  has  no  Information  about  the  area  It  must  communicate  to.  It 
will  be  assumed  to  meet  the  temporal  aspects  of  availability  first,  and  let  the 
successful  communications  to  a  given  spot  be  moot. 

The  first  determinant  of  any  scan  pattern  Is  the  minimum  angular  spot  sire. 

We  have  previously  developed  the  criterion  for  its  selection: 

The  long  anc  short  term  annular  jitter  of  the  spacecraft,  as  expressed 
in  (5-781  and  (5-791. 

We  will  Investigate  this  constraint,  and  determine  the  minimum  value  of 
>,  possible,  and  denote  It  as 
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5.3.7. 1  (Continued) 

How,  ^  will  apply  over  the  entire  coverage  area  (for  this  totally  non-adaptlve 
scan).  Then,  within  a  given  resolution  element,  all  spots  will  have  the  useful  area 
given  by 


Vtijmin  '  R1j  -2ti  (C0S  ^slj^  c  {1"'  * 


(5-98) 


»1ch  Is  (5-74)  with  0jp  ■  R^yj  and  Q  ■  1. 

The  number  of  spots  within  the  resolution  element  Is  given  by 


m  .  **£ 

"SREIJHAX 


(5-99) 


and  the  total  number  of  soots  within  the  coverage  area  Is  given  by 


'WSPMAX  *  "  NS9E1jMAT 


(5-100) 


Then,  using  (5-71b).  the  time  It  takes  to  cover  the  entire  area  with  a  single 
terminal  Is  given  by 


rT0TMAX  *  ^OTSPMAX5  (V  *  (NT0TSPMAX_1  !  V 


(5-101) 


If  TT0T>Wx  >  Ta.  the  only  recourse  left  to  the  totally  non-adaptlve  scan  Is  to 
either  Increase  -y^  or  to  sdd  more  terminals  which  simultaneously  use  the  old  ?yj. 

Combining  (5-98),  (5-99),  (5-100)  and  (5-101)  we  see  that 


7T0T  1 


5-59 


] 


5.3.7. 1  (Continued) 


and  from  the  SPOPK, 


S 

IT 


Therefore,  increasing  ?T1  will  decrease  TTQT  and  ^  equally,  unless  Ep  is 
proportionately  increased.  So,  adding  a  second  terminal  of  equal  energy  onto  the 
same  spot  means  may  be  increased  by  ,?  for  the  same  q-)  while  is 
reduced  by  a  factor  of  2.  A1 ternatively ,  adding  a  second  terminal  which  operates 
independently  will  also  maintain  ^  and,  by  partitioning  the  resolution  elements 
so  that  each  terminal  is  responsible  for  half  the  total  area,  will  result  In  the 
Tygy  for  a  given  terminal  being  reduced  by  a  factor  of  2  from  its  previous  value. 

Evidently,  then,  the  effect  of  adding  a  second  terminal  is  Independent  of  its 
actual  mode  of  operation.  We  therefore  assume  that  the  temporal  availability 
requirement  is  satisfied  by  the  Increase  of 


T1 


T2 


so  that 


ttot  ■  V  ,n 

The  calculation  procedure  is  to  calculate  (5-98)  -  (5-101),  and  if 


ttot  "  V 

define 

T2  "  ‘‘Tl 

i _ 

1  ttotmax 

j  1/2 

*T2  we  now  develop 

r  — 

!  F0Mij  ■  1) 

1 

"A) 

REQ 

1 _ 

/ 

(5-102) 


(5-103) 
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5. 3. 7.1  (Continued) 


for 


REQ 


(MARG)  x  j}-)  . 


(5-104a) 


and  |)ln  (5-104)  Is  derived  from  the  quality  of  service  requirements  for  a  given 
demodulation  approach  In  Section  5.3.4. 


MARG  a  system  margin  used  to  compensate  for  unmodelled  noise  sources. 


$\  .  pm J 

7 


for  the  1j  resolution  element  from  the  SPOPM. 


and 

(5-1 04b ) 


The  availability  Is  then  simply  given  by  the  ratio  of  the  areas  for  which 


FOMjj  ^  1  to  the  Total  area  responsibility,  or. 


(5-105) 


For  diagnostic  purposes, 
the  FOM^,  Ttqt  If  Ttqt  *  TA, 


It  Is  also  useful  to  print  out  the  minimum  value  of 

-T,  V 


5. 3. 7.2  One  Partially  Adaptive-Scanning  Approach 

We  now  consider  a  system  which  knows  all  the  zenith  angle  aspects  of  Its 
coverage  area,  but  none  of  the  environmental  conditions.  We  assume  that 

(1)  It  controls  the  transmit  beam  divergence  to  compensate  for  the  known 
zenith  angle  effects: 

(2)  Therefore  It  always  uses  circular  spots; 

(3)  It  compensates  for  zenith  angle  effects  as  If  thick  clouds  were  present, 
not  clear  weather,  to  assure  maximum  availability  If  thick  clouds  are 
indeed  present. 
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5. 3. 7. 2  (Continued) 

The  first  determinant  again  Is  the  minimum  angular  spot  size,  as  discussed  In 
Section  5. 3. 7.1.  Use  Is  also  made  of  the  FOM^  defined  In  (5-103). 

Given  ,  the  minimum  angular  dimension,  FOM^j  Is  evaluated  for  all  the 
resolution  elements  for  a  nominal  value  of  TgpT  ■  50  throughout  the  coverage  area. 
The  smallest  value  of  FOM^  will  normally  occur  at  the  largest  zenith  angle,  and 
we  denote  It  by  F0HSJ.  The  transmit  beam  widths  of  each  and  every  other  FOM^  are 
Increased  until 


F0M1j  ■  F<"ss 


In  general  the  smallest  values  of  will  correspond  to  the  largest  Increase  In 

s  i 

the  transmit  beam  divergence.  Since  FOM^  *  - ' — the  Increase  In  each  transmit 


beam  divergence  Is  given  by 


( 'Ti 


.  :F0Hu  <4t-*ti> 
Tlj  '  'Til - - 


1/2 


(5-106) 


Now  will  apply  within  a  given  resolution  element,  and  will  result  In  a  useful 
coverage  area 


a  ■  c2  ..2 

^CIJ  L  1J  T1J’ 


(5-107) 


where  we  have  used  0jp  •  ‘‘nj*  nuw*>*r  of  spots  within  this  resolution 

element  Is  given  by 


(5-108) 


and  the  total  matter  of  spots  within  the  coverage  area  Is 
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5. 3. 7. 2  (Continued) 

The  time  It  takes  to  cover  the  entire  area  with  a  single  terminal  Is 

(5-110) 

If  Ttot  '  Ta<  we  may  again  consider  either  Increasing  or  adding  a  second 
terminal.  As  for  the  totally  non-adaptlve  scan,  the  net  effect  of  adding  a  second 
terminal  Is  Independent  of  whether  It  Is  used  to  Illuminate  the  sue  spot  as  the 
first  terminal  (allowing  to  Increase  by  /2),  or  separately  111»*n1nates  spots  of 
diameter  ?T. 

Me  therefore  assume  that  the  temporal  availability  Is  satisfied  by  an  Increase 
of  •?T1  -  *^2  50  that  ttot  *  TA  5-110.  The  calculatlonal  procedure  Is  to 
calculate  (5-107)  -  (5-110)  and  If  TygT  >  TA,  define 

(5-111) 

since  Inspection  of  (5-107)  -  (5-110)  shows  that 


Given  then,  new  values  of  are  derived  from 

(5-112) 

In  order  to  calculate  the  actual  downlink  availability,  the  F0H..  are  calculated  for 
4  '  J 

T21J  and  ***  actual  environmental  conditions  present  In  each  resolution  element. 

The  availability  Is  then  simply  given  by  the  ratio  of  the  areas  for  which 

FOHjj  >_  1  to  the  total  area  responsibility,  or 
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5. 3. 7. 2  (Continued) 


|  ii 

(all  1j  for  which  FOM, .  >  1) 

i  V - : - 

1  ij  ^Eij 


(5-112) 


For  diagnostic  purposes  It  Is  also  useful  to  print  out  the  value  of  TTqT  If 
Tjoj  <  IA.  ,  *J2  an<1  the  maximum  value  of  e*r21j* 

S.3.7.3  Availability  for  Fully  Adaptive  Scanning 

In  general,  the  resolution  elements  will  present  wildly  varying  values  of 

ij  because  of  the  differing  environmental  and  angular  properties  present.  It 
therefore  makes  sense  to  design  a  system  which  utilizes  the  excess  signal  In  one 
area  to  compensate  for  a  signal  deficit  In  another  area.  If  all  conditions  are 
known  In  advance  to  the  satellite. 


This  adaptation  of  the  scan  parameters  might  be  performed  by 


(1)  Reducing  the  slot  width,  t$ ,  In  clear  weather  areas.  This  would  reduce 
the  message  duration,  and  allow  more  time  for  communicating  to  covered 
areas.  However,  It  requires  a  source  that  could  operate  efficiently  In 
widely  differing  modes,  and  a  receiver  with  a  foreknowledge  of  the  slot 
width  being  used.  For  these  reasons  we  discard  this  possibility. 

(2)  Increasing  the  spot  diameter  to  the  limit  Imposed  by  the 

Thus  the  AR£  would  be  covered  In  less  time,  allowing  extra  time  to 
cover  the  "bad"  areas; 


(3) 

(4) 


Using  multiple  terminals  to  Illuminate  the  same  spot,  so  that  the 


IJ 


Is  increased. 


»). 

Reducing  the  spot  diameter  In  "bad"  areas,  to  Increase  the  This 

Is  Inadvisable  since  the  minimum  spot  diameter  1$  constrained  by 


(A)  long  and  short  term  satellite  Jitter; 

(3)  Submarine  motion  (equation  5-67) 

{ C )  Enlargement  In  passing  through  the  cloud. 


5. 3. 7. 3  (Continued) 

Therefore  we  cannot  arbitrarily  reduce  the  D  to  aid  In  bad  weather 

communications  . 

(5)  Reducing  submarine  depth  (smaller  |Dj).  This  should  only  be  considered 
after  all  other  expedients  fall,  since  It  does  relieve  a  significant 
requirement. 

In  analyzing  the  adaptive  scan,  then,  we  assume 

(1)  The  g]  i j  mIH  always  be  adjusted  to  be  equal  to  jj-)  grQ  by  enlarging 
the  spot  diameter,  and  by  adding  additional  terminals  onto  the  same 
spot,  as  required. 

(2)  Only  circular  spots  are  considered,  since  the  optical  complexity  Is  like 
that  required  for  spot  variation  among  resolutions  elements. 

We  then  begin,  as  before,  by  defining  a  minimum  beam  divergence  6yj ,  based  on 
the  satellite  jitter  or  submarine  motion  constraints.  Given  this  ,  a  FOH^j  Is 
derived  for  each  resolution  element,  via 

F0Hij  -  FOH^  (^  -  eT1).  (5-114) 

We  again  note  that  for  FOH^  (h^,  •  ?T1>  -  1  for  a  single  terminal,  then  If 
m  terminals  of  equal  energy  per  pulse  are  available  on  the  satellite,  the  system 
performance  cannot  tell  whether  they  are  combined  onto  a  single  spot  (enlarging  e^) 
or  separately  used  to  lllianlnate  spots  of  JT1  51  ze.  For  resolution  elements  with 
F0M1J  (JT  *  aTl*  *  1  for  a  single  terminal  Input  of  Ep,  the  optlmun  approach*  Is 
to  use  all  available  terminals  to  increase  FOHjj  until  it  Is  >  1,  and  then  Increase 
the  “yjj  until  FOH^  *  1. 


tHowever,  It  might  be  possible  to  use  In-cloud  spreading  to  reduce  the  required  spot 
overlap. 

•Or  else,  during  some  portion  of  T^  the  total  prime  power  capability  of  the  satellite 
would  be  under-utilized  while  some  areas  were  coverable  but  uncovered. 
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5. 3. 7. 3  (Continued) 

This  Implies  that  the  very  fact  that  there  are  m  terminals  Is  Irrelevant  to 
the  availability  analysis  for  this  optimum  adaptive  scanning.  Instead,  FOM^  should 
be  evaluated  as  If  all  the  available  energy  per  pulse  were  present  In  a  single  beam. 

When  this  Is  done,  and  FOM^  evaluated  In  (5-114),  for  FOM^  <  1  the 
resolution  elements  will  not  be  covered.  Hence  the  fundamentally  unavailable 
area  Is 


(5-115) 


On  the  other  hand,  for  FOM^  >  1,  excess  energy  Is  being  delivered,  and  the 
source  being  suboptimally  utilized.  We  correct  this  by  deriving 


_ .  .  ■ 

K  <-T  •  -T,)l  W 

Tlj  Tl 

1 

L~ J  | 

(5-116) 


((since  this  means  FOM^  (»T  -  *T1j)  .  l ) ) ,  for  all  FOH^  (>>T 
We  again  use  the  effective  coverage  area  of 


‘Tl*  -  K 


(5-117) 


so  that  the  number  of  spots  per  resolution  element  Is 


(5-118) 


5. 3. 7. 3  (Continued) 

and  the  total  number  of  spots  Is 


Ntotcd  "  (for  all  1j  such  that 
T0TSP  FO^j  (9t  -  aT1)  >  1 


SRE1  j 


(5-119) 


Then  the  total  time  required  to  cover  the  entire  coverable  area  Is 


TT0T  "  "totsp  *0  *  ^OTSP*15  lsl 


(5-120) 


However,  now  If  It  happens  that  TjqT  •  TA,  there  Is  no  recourse  short  of 
adding  additional  energy  capability  to  the  satellite,  since  there  Is  no  excess 
energy  arriving  at  any  submarine  receiver.  Indeed  T^0T  >  TA  means  that  part  of  the 
area  able  to  be  covered  from  the  SNR  point  of  view  Is  temporally  unavailable. 

To  determine  the  availability,  then,  the  time  to  scan  each  resolution  element 
must  be  calculated.  Moreover,  since  availability  Is  a  measure  of  area  coverage. 

It  makes  sense  to  cover  the  resolution  elements  with  the  largest  values  of 
FOMjj  (~T  ■  )T1)  first,  since  they  are  using  the  largest  spot  diameter, 

Irfe  define  the  time  to  cover  a  given  resolution  element  by 


T1j  "  NSRE1J  {*0  *  tsi)> 


(5-121) 


and  calculate 


untl  1 


“j  Tij  ■  tpart 

(for  FOMjj  (**T  ■  -T1)  >  1  , 

In  order  of  largest  to  smallest) 


TPART  '  V 


(5-122) 


(5-1 22a ) 
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5. 3. 7. 3  (Continued) 

The  resolution  element  for  whicn  TpART  changes  from  ^TA  to  sTA  Is  denoted  by 
the  subscript  o,  t,  and  the  fraction  of  its  area  covered  is  given  by  the  fraction 


Then  the  availability  is  given  by 


and  the  maximum  value  of  '  and  The  minimum  and  maximum  values  of 


Note  if 


TT0T  1  V 
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5.4  COMPUTER  PROGRAM  FOR  THE  PCM 
5.4.1  Introduction 

The  downlink  communication  program  is  arranged  as  shown  in  Figure  5-11. 

There  are  eleven  subroutines  used  in  the  program.  These  Include  the  eight  shown 
in  the  Figure;  a  general  sorting  subroutine  (SORT);  the  single  pulse  model  which 
has  been  Incorporated  into  a  subroutine  (DSPDPM)  called  by  FADAPT,  PADAPT,  and 
NADAPT;  and  a  look-up  table  and  interpolation  subroutine  (DSTR02)  called  by 
DSPDPM. 

There  are  four  data  files  read  into  the  program.  The  file  SPPM  contains 
that  input  data  which  is  only  used  by  the  single  pulse  subroutine.  The  file 
ENVDATA  contains  the  data  from  the  environmental  data  bases,  as  well  as  the 
input  data  on  the  solar  and  lunar  positions.  Files  DATAB  and  OATAC  contain  the 
input  data  concerning  the  satellite,  laser,  and  signal  processing  and  scanning 
requirements. 

OMAIN  is  the  mainline  proqram  used  to  read  in  the  input  data  from  the  data 
files  and  to  call  the  other  subroutines.  Subroutine  DNCOMM  is  used  to  calculate 
all  zenith  angles,  azimuthal  angles,  and  receiver  axis  offset  angles  needed  for 
the  OCM.  The  range  calculations  from  the  satellite  to  the  environmental  resolution 
elements  are  also  handled  in  this  subroutine.  The  next  subroutine  called,  SGPROC, 
is  the  subroutine  that  handles  all  signal-to-noise,  jamming,  spoofing,  and  message 
length  computations  for  the  downlink  model.  Subroutine  POWER  is  used  to  perform 
the  necessary  energy  and  power  calculations  for  the  satellite  and  laser. 

After  these  subroutines  have  been  called  and  the  necessary  computation 
completed,  a  branch  follows  to  one  of  three  cases:  fully  adaptive  scanning 
(FADAPT),  partially  adaptive  scanning  (PADAPT),  or  a  non-adaptive  scan  (NADAPT). 

In  these  subroutines,  the  single  pulse  model  subroutine  (DSPDPM)  is  called  upon 
to  make  signal-to-noise  calculations  for  each  environmental  resolution  element 
in  the  coverage  area  of  that  particular  satellite.  From  these  results,  and 
temporal  availability  considerations,  these  subroutines  perform  the  beam 
divergence,  number  of  spots,  and  availability  calculations  that  correspond  to 
that  particular  mode  of  scanning. 

The  final  subroutine  called.  ARYRIT,  does  all  the  printing  and  labeling 
of  the  output  data. 
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Figure  5-11.  Layout  of  the  OCM  Program 
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5.4.2  Names  of  Variables 


This  section  lists  the  Fortran  terminology  and  definition  of  all  variables 
used  In  the  OCX  which  were  not  previously  used  and  listed  for  the  SPDPH. 

A 


ACARE 

• 

Total  area  with  slgnal-to-nolse  ratio  greater  than  required 
slgnal-to-nolse  ratio 

APAE  ■ 

'  gaz  " 

Azimuthal  pointing  angle  of  receiver 

ARE  ■ 

are  ■ 

Area  of  resolution  elements 

ASC  • 

A  ■ 

sc 

Area  of  square  In  spot 

AUNAV 

*unav 

Fraction  of  the  area  that  cannot  be  covered 

AVL  » 

m 

_J 

Fraction  of  the  area  that  can  be  covered 

AZMUA 

•  • 

Azimuthal  lunar  angles 

AZSGA 

•  *SA  ■ 

Azimuthal  signal  angle 

AZSUA 

'  "suA  ' 

Azimuthal  solar  angles 

AZMIN 

Minimum  azimuthal  angle  from  satellite 

3 

8ITSP 

■  • 

l 

Number  o'  message  bits  per  laser  pulse 

BMOIV 

*  *T  ‘ 

Beam  divergence 

C 

COFOV 

■  i  » 

R 

nalf-angle  of  receiver  field  of  view 

D 

OEAOT 

•  t.  ■» 

C 

Dead  time  between  frames 

OEAOT S  •  t.,  « 

to 

Dead  time  between  soots 

OIVAO 

•  • 

TOR 

Beam  Divergence  required  due  to  satellite  angular  drift 

» 


Or'/MIN  - 
D3VPJ  •  ett  • 

V  J 

OIVSAT  • 


Minimum  bean  divergence  required  due  to  satellite  restrictions. 

Mininum  bean  divergence  required  due  to  satellige  pointing 
jitter 

Minimum  beam  divergence  required  due  to  satellite  restrictions 


E 

EFF  ■  F^  »  "Wall  plug”  efficiency  of  the  laser 

ETOT  ■  £„ot  «  Total  energy  transmitted  from  all  lasers  per  pulse 

F 

C0M  ■  FQM  ■  Figure  of  merit,  ratio  of  S/N  in  resolution  element  to  S/N 

required  for  quality  of  service  requirement 


G 

GAINSP  •  g  »  “Gain*  of  spoof  pulses  relative  to  regular  pulses 


LATS  ■  ] 
LATSP  I 


LATSU 

latsup 


su  r 


LATMU  a 

LATMUP 

IMGSR 


i 

mu 


J 


l»SU  . 
LNGSUR 


Su 


LHGMU 

LNGMUP 


Latitude  of  the  satellite.  <un,  and  moon  in  degrees 
and  radians 


Longitude  of  the  satellite,  sun  and  moon  in  degrees 
and  radians 


1 


OQ»*mi«MA 


5.4.2  (Continued) 


LATMR(I)  .  a 
LATMRR(l) 


LHGHR(J) 

LNGMRR(J) 


Mean  latitude  and  longitude  of  the  environmental  resolution 
elements  In  degrees  and  radians 


M 

MARG  ■  MARG  ■ 
MAXR  •  R 

■^max 

MBITS  •  Ml()  • 
ME SOUR  •  Mq  • 
MIBITS  ■  Ml  • 
MAXZA  ■ 


System  margin  used  to  compensate  for  unmodelled  noise  source 
Maxlioim  range  fro*  satellite  to  any  resolution  element 

Number  of  message  bits 
Total  message  duration 
Total  message  length  In  bits 

Maximum  zenith  angle  from  satellite  to  any  resolution  element 


H 


NCOl  • 

NROW  • 


NJAM  •  Nj  • 

NLASER  •  m  • 

NMISM  •  (N  ' )  • 

N PULSE  • 

NRE  *  *T0TRE  • 
NSPOOF  -  Nsp  • 

NSPOT(I.J)  - 

iKt1J 


Number  of  resolution  elements  along  a  line  of  constant 
latitude  around  the  earth 

Number  of  resolution  elements  In  the  northern  hemisphere 
along  a  line  of  constant  longitude 

Number  of  Jammed  pulses  In  threshold  detection 

Number  of  lasers  used  on  the  satellite 

Number  of  missed  messages  per  year 

Number  of  pulses  used  to  communicate  to  the  coverage  area 
Number  of  resolution  elements  In  the  coverage  area 
Number  of  spoofing  events  per  year 

■  Number  of  spots  needed  to  cover  the  1.  J  resolution  element 


MTSPOT  •  "  Number  of  spots  needed  to  cover  the  entire  coverage  area 
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5.4.2  (Continued) 


NUMEF  ■  M  •  Number  of  extra  frames  needed  In  message  to  reduce  duplica¬ 

tion  probability  to  acceptable  level 

NJT0P2  ■  Number  of  janrned  pulses  using  TOP  processing 


0 

OVLAP  ■  _  « 
OVHBTS 

? 

PROP  • 

PAVG  •  PAV  • 

PI  ■  • 

PIPE  « 

P^ISSM  •  PM  - 
PNOLAS  •  P'^  • 
PRF  «  DRF  • 

PTOT  .  p;QT  - 

R 

RE  »  R-  • 

Rf*U  •  R 

TU 

RSn  •  R 

su 

RIT0P1  • 

RT0P2  « 


Spot  overlap  factor 
Number  of  overhead  bits 


Number  of  resolution  elements  In  northern  hemisphere 

Average  power  output  from  laser 

3.1416 

Fraction  of  last  resolution  element  that  can  be  covered  In 
the  fully  adaptive  scan 

Probability  of  missing  a  transmitted  message 
Prime  power  ' sate' ’  1  te)  reauired  #or  non-laser  functions 
Pulse  repetition  frequency  of  the  laser 
Prime  power  on  satellite  required 


Radius  of  the  earth 

Distance  *rom  earth  to  the  moon 

Distance  from  earth  to  the  sun 

An  option  to  print  (1.)  or  wlthold  printing  (0.)  of  the  out 
out  data  from  DNCOffl 

An  option  to  print  (1.)  or  wlthold  printing  (0.)  of  the  out 
put  data  from  DSPOPW 
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5.4.2  (Continued) 
RNTYPE  ■ 


SATSO  •  Dspmin  - 
SOM  IN  - 


SN  •  S/N  • 


A  decision  variable.  If  It  equals  I  a  non-adaptlve  scan  Is 
employed ,  2  Is  a  partially  adaptive  scan,  3  Is  a  fully 
adaptive  scan 


Minimum  spot  diameter  due  to  scanning  restrictions 


Mlnlnum  spot  diameter 

The  sorted  array  of  FON  values 

The  signal  to  noise  ratio 


SNREQ  •  ( S/N ) p£g  ■  Signal  to  noise  ratio  required  by  quality  of  service  requlre- 


STIMRE  - 
SUM1  • 


SPOPT 


THW  • 

TIMAVL 


TIMEON  •  T.„  ' 
on 


The  sorted  array  of  TIMRE  values 


A  decision  variable  used  to  tell  whether  threshold  detection 
or  time-of-peak  detection  is  to  be  used 


Thickness  of  first  water  layer 

Time  available  to  deliver  message  to  coverage  area 

Amount  of  time  that  laser  Is  turned  on 


TIMRE(I.J)  »  T^  •  Time  necessary  to  cover  a  given  resolution  element 


TSLOT  -  ts  • 
TTOTAL  -  Ttot  - 
TPART  -  T„.ot  • 


TSGNR  •  TNR  • 


Slot  width 

Total  time  required  to  cover  area  of  responsibility 

The  CT^j  In  order  of  largest  to  smallest  FOM^  until  It  Is 
greater  than  T^ 

Threshold  signal  to  noise  ratio 


-s- 


5.4.2  (Continued) 

w 

MARKUP  »  t  *  Tim*  necessary  for  the  laser  to  warmup 

X 

•XE  *  X£  ■  X  coordinate  of  the  submarine 

*XS  »  X^  ■  X  coordinate  of  the  satellite 

•XMU  ■  X^  •  X  coordinate  of  the  moon 

•XSU  •  x5u  ■  x  coordinate  of  the  sun 

•In  the  earth  centered  system 

Y 

•YE  •  Y  •  Y  coordinate  of  the  submarine 

*Y$  •  Ys  ■  Y  coordinate  of  the  satellite 

•YWU  •  Y,_(  •  Y  coordinate  of  the  moon 

MU 

•YSU  •  Ysu  ■  Y  coordinate  of  the  sun 

•In  the  earth  centered  system 

Z 

•ZE  •  ■  Z  coordinate  of  the  submarine 

*ZS  •  Z^  •  Z  coordinate  of  the  satellite 

•ZSU  •  Zjy  •  Z  coordinate  of  the  sun 

*ZMU  •  Z^j  •  Z  coordinate  of  the  moon 

ZPAR  ■  •  Zenith  pointing  angle  of  the  receiver 

•In  the  earth  centered  system 
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5.4.3  OMC  Listing 

This  section  lists  the  complete  DCN  program.  The  order  of  the  subroutines 
listed  Is 

DMA  IN 

DNCOMt 

SGPROC 

POWER 

FAOAPT 

PAOAPT 

NAVAPT 

ARYRIT 

OSPOPH 

SORT 

0STRO2 


£ 

I 

I 

I 
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5.4.3  (Continued) 
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S.S  MODEL  UNCERTAINTIES 

The  sub-models  developed  In  Section  S.3  have  very  few  uncertainties,  and 
should  reoulre  little  future  revision. 

5.5.1  Area  Relationships 

The  only  uncertainty  here  Involves  the  size  and  shape  of  environmental 
resolution  elements  ( ERE  *  s ) -  The  ERE  concept  itself  is  too  useful  to  be 
neglected,  but  future  cloud  and  water  data  base  work  may  reveal  that  ERE's  of 
a  different  size  or  shape  are  more  appropriate  In  the  OSCAR  applications. 

5.5.2  Temporal  Relationships 

There  are  no  uncertainties  In  the  models  for  the  temporal  relationships  In 
Section  5.3.2. 

5.5.3  Message 

There  are  no  uncertainties  In  the  models  for  the  message  In  Section  5.3.3. 

5.5.4  Modula*1on/0emodulat1on 

The  only  uncertainties  In  the  models  developed  in  Section  5.3.4  concern 
their  completeness.  There  may  be  other  demodulation  and  message  processing 
approaches  which  will  change  the  required  S1gnal-to-No1se  ratio  and/or  Message 
Lengths  (Overhead  bits)  from  the  present  formulation.  GTE-Syl vanla  will  continue 
to  search  for  these  Improved  demodulation  techniques  In  related  work. 

A  second-order  uncertainty  concerns  our  model  for  jamming/spoofing,  and  the 
five  assumptions  made  there-ln.  If  those  assumptions  were  altered  by  the  NAVY, 
the  related  sub-models  would  also  require  modification. 

5.5.5  Scanning  Relationships 

There  is  no  uncertainty  In  the  model  developed  In  Section  5.3.5.  However, 
as  the  hardware  design  progresses,  the  formulation  of  the  satellite  pointing 
accuracy  may  be  changed  to  better  reflect  the  attitude  stabilization  and  pointing 
technique  actually  employed.  This  will  probably  be  a  minor  analytic  change. 

5.5.6  Receiver  and  Source 

There  are  no  uncertainties  In  the  models  developed  In  Section  5.3.6. 
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5.5.7  Aval  1 abl 1 Ity/System  Effectiveness  and  Adaptive  Scanning 

The  sub-models  for  adaptive  scanning  may  be  modified  as  more  Is  learned  about 

1.  The  precision  of  the  Information  obtainable  from  remote  scanning; 

2.  The  practicality  of  the  angular  expansion/elliptical  correction  optics. 

It  may  hapoen  that  only  relatively  crude  Information  Is  available  concerning 
the  clouds  In  the  coverage  area,  and  that  a  continuously  variable  beam  size  Is 
not  practical,  so  that  some  straightforward  model  modification  should  occur. 

5.5.3  Included  SPOPM  Sub-Models 

The  propagation  related  SPOPM  sub-models  were  discussed  In  Sections  3.4 
and  4.5.  The  SPOPM  system  design  sub-models  are  well  understood.  The  only  one 
requrlng  possible  modification  Is  the  pulse-shape/detection  banA*1dth,  If  the 
atomic  resonance  optical  filter  becomes  the  leading  candidate,  since  this  filter 
adds  an  additional  pulse  stretching/distortion  to  that  caused  by  the  propagation 
path/f leld-of-vlew  effects. 


Table  5-3  summarizes  the  status  of  the  3CM  sub-models. 


TABLE  5-3.  STATUS  OF  SUB-MOOELS  OF  THE  DCM 
(SPOPM  models  are  discussed  In  Sections  3.4  and  4.5) 


SUB-MOOEl  STATUS  I  COMMENT 

i  ! 

- - - j - 

Area  Relationship  O.K.  In  principle  Size  and  shape  of  environmental 

resolution  elements  may  be  mod¬ 
ified  In  future. 


Temporal  Relationships  O.K. 


Message  O.K. 


Modulatlon/Oemodulatlon  O.K.  as  written  Further  work  on  better  schemes 

continues,  and  may  modify  these 
models.  Changing  the  "threat" 
assumptions  would  change  the 
spoof Ing/ jamming  models. 


Scanning  Relationships 

O.K.  as  written 

Satellite  design  work  may 
redefine  the  pointing  accuracy 
sub-model . 

Receiver  and  Source 

O.K. 

1  1 

Ava 1 1 ab 1 1 1 ty/Adapt 1 ve 
Scanning 

O.K.  as  written 

Probably  will  be  modified  as  the 
remote  sensing  precision  and 
practical  optical  designs  are 
better  understood. 

SPOPM  -  Environmental 

Partially  Verified 

See  discussion  In  Sections  3.4 
and  4.5 

SPOPM  -  System  Design 

_ 

O.K.  as  written 

Mill  require  modification  If 
atomic  resonance  filter  becomes 
the  leading  candidate. 
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5.6  “PARAMETER  VALUE"  UNCERTAINTIES 

The  parameter  value  uncertainties  for  the  DCM  are  of  Quite  a  different  type 
than  those  for  the  SPOPM.  Here  the  uncertainties  primarily  relate  to  those  hard¬ 
ware  parameters  xrfiich  are  actually  achievable. 

5.6.1  Environment 

Those  environmental  Inputs  unique  to  the  DCM  Include: 


*RE  ’ 


RSU  ’ 

*SU  ’ 
3SU  ’ 

re  • 

Srj  • 

Mi  " 

Mu  * 


area  of  a  single  environmental  resolution  element.  This  is  uncertain 
and  will  remain  so  until  sufficient  cloud  and  water  data  base  develop¬ 
ment  occurs  to  uniquely  define  it. 

distance  from  sun  to  receiver.  This  Is  well  known  to  the  required 
accuracy. 

solar  latitude  Is  also  well  known  to  the  required  accuracy, 
solar  longitude  Is  also  well  known  to  the  required  accuracy, 
mean  earth  radius  is  well  known. 

distance  from  moon  to  receiver.  This  Is  well  known  to  the  required 
accuracy. 

lunar  latitude  Is  well  known  to  the  required  accuracy, 
lunar  longitude  Is  also  well  known  to  the  required  accuracy. 


The  environmental  SPOPM  Inputs  were  discussed  In  Sections  3.5  and  A. 6  from 
the  polnt-of-vlew  of  the  values  existing  along  a  single  propagation  path.  Use 
of  the  SPOPM  in  the  OCM  requires  the  additional  Information  of  their  simultaneous 
values  throughout  a  satellite  coverage  area.  The  cloud  properties  are 
particularly  uncertain  when  such  correlated  Information  Is  desirable,  and  the 
water  properties  are  only  approximately  known  over  large  stretches  of  the 
coverage  area. 

Better  data  base  development  must  occur  In  order  to  provide  adequate  Inputs 
to  the  OCM. 
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5.6.2  Requirements 


There  Is  no  uncertainty  In  any  of  the  requirements  Inputs  listed  In 

Section  5.2.2. 

5.6.3  System  Design 

Considering  the  present  state-of-the-art  In  laser  and  filter  technology. 

It  Is  not  surprising  that  there  are  significant  uncertainties  In  many  aspects 

of  the  system  design  inputs.  These  Inputs  and  their  uncertainties  Include: 

t  ■  slew  time,  scan  time  or  dead  time  between  Illuminated  spots.  The 
value  of  this  parameter  depends  on  the  details  of  the  transmitter 
optics  design  and  the  scan  technique  used,  both  of  which  remain  to 
be  determined. 

ty  ■  source  warm-up  time.  Since  the  laser  source  Is  unknown,  so  Is  a 

precise  value  for  this  parameter. 

PRF  •  source  repetition  frequency.  This  parameter  depends  on  the  most 

efficient  laser  operating  point,  the  choice  of  t,  the  minimum  slot 
width  achievable  and  the  number  of  lasers  aboard  the  space-craft, 
all  of  which  are  not  precisely  determined  at  this  time. 

G^  •  Off-zenith  In-water  receiver  pointing  angle.  The  optimum  value  of 

this  parameter  will  remain  uncertain  until  water  propagation  experi¬ 
ments  and  water  data  base  development  work  Is  accomplished. 

G^  ■  Azlrajth  receiver  pointing  angle.  The  same  comments  apply  as  for  G^. 

m  •  Number  of  simultaneously  active  lasers  aboard  the  satellite.  This  Is 

unknown  until  a  particular  laser  candidate  Is  selected,  and  Its  optimal 
operating  point  Is  determined. 

Ep  •  Energy  per  pulse  of  each  active  laser  aboard  the  satellite.  The  same 

comments  apply  as  for  m. 

Fl  »  Wall  plug  laser  efficiency.  Same  comments  as  for  m. 

?'  *  prime  power  on  the  satellite  required  for  all  non-laser  functions. 

HU 

This  parameter  depends  on  future  satellite  design. 
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5.6.3  (Continued) 


«s  •  satellite  altitude.  This  will  be  sufficiently  known  for  all  candidate 
orbits. 

■  Satellite  latitude.  This  will  be  sufficiently  known  for  all  candidate 
orbits. 

■  Satellite  longitude.  This  will  be  sufficiently  known  for  all  candidate 
orbits. 


tf  ■  dead  time  between  frames.  This  again  depends  on  the  details  of  the 
laser,  and  its  minimum  time-to-refire. 


t$  ■  slot  width.  This  depends  on  the  pulse  stretching  encountered  in  the 
environment,  and  so  will  remain  uncertain  until  extensive  clould 
propagation  experiments  and  cloud  data  base  development  occurs. 

I  ■  number  of  bits  per  pulse.  This  parameter  depends  on  slot  width  and 
mininun  achievable  spot  size,  both  of  which  remain  to  be  determined. 


c  ■  overlap  factor  between  illuminated  spots.  This  is  not  uncertain  so 
long  as  a  random  soot  scan  is  employed. 

^  ■  Satellite  short  term  angular  jitter.  This  parameter  is  unkno»wi  until 

further  design  is  accomplished. 

-TOR  "  Satellite  ,on9  term  drift.  Same  comment  as  for 


The  system  design  inputs  for  the  SPDPM  were  not  discussed  previously,  since 
Section  3.5  and  4.6  emphasized  the  environmental  parameters.  The  primary 
uncertainty,  beyond  those  discussed  above,  lies  in  the  receiver;  in  particular; 


eR  •  Receiver  half  angle  field-of-view.  This  will  not  be  known  until 

adequate  water  propagation  experiments  and  water  data  base  development 
occur 

yr  ■  Receiver  (primarily  filter)  transmission.  This  will  not  be  known  until 
the  filter  type  and  receiver  field-of-view  are  known. 
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5.6.3  (Continued) 


BQpT  ■  filter  bandpass.  This  will  not  be  known  until  the  filter  type  and 
receiver  fleld-of-vlew  are  known. 

Table  5-4  summarizes  the  status  of  the  Input  parameters  of  the  DCM. 
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5.6.3  (Continued) 


Table  5-4.  Status  of  “Input  Parameters"  to  DCM 


PARAMETER 

STATUS 

COMMENT 

ENVIRONMENT 

PARTIAL 

cf  SPOPM  discussion  In  Section  3.5 
and  4.6.  Dlstrlbutlon/Correlatlon 
of  environmental  parameters  Is 
unknown. 

REQUIREMENTS 

O.K. 

— 

SYSTEM  DESIGN 

St 

TBD 

Depends  on  system  design  details. 

s 

TBD 

Depends  on  laser  selected. 

PRF 

TBD 

Depends  on  laser  and  slotwldth. 

gel ,gaz 

TBD 

Depends  on  water  propagation 
experiment 

IK 

TBD 

Depends  on  laser  characteristics 

EP 

TBO 

Depends  on  laser  characteristics 

s 

TB0 

Depends  on  laser  characteristics 

p* 

HO 

TBO 

Depends  on  details  of  satellite 
design 

Rs,as,3s 

O.K. 

Known  for  each  candidate  orbit. 

s 

TBO 

Depends  on  laser  characteristics. 

s 

TBD 

Depends  on  extensive  cloud 
propagation  results. 

l 

TBO 

Depends  on  slot  width  and  spot  size. 

c 

O.K. 

Known  so  long  as  random  scan  is  used. 

ftTS,9T0R 

Partially  known 

Depends  on  details  of  satellite 
design. 

9R 

TBO 

Depends  on  water  propagation 
experiment. 

y 

R 

TBO 

Depends  on  filter  characteristics. 

bopt 

TBO 

Depends  on  filter  characteristics. 
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FULL  OSCAR  SYSTEM  MODEL 

This  section  discusses  the  model  for  the  full  OSCAR  system.  Including  the 
ground  stations,  microwave  uplink,  satellite  orbits,  optical  downlink  and  submarine 
terminal.  The  section  Is  organized  as  follows: 

6.1  Full  OSCAR  Systems  Model  --  Philosophy  and  Flow  Charts 

6.1.1  Philosophy  of  Approach  --  Full  OSCAR  System  Model 

6.1.2  Model  Flow  Chart  —  Full  OSCAR  Model 

6.2  Input  Information 

6.2.1  Environment 

6.2. 1. 1  Fixed  Data  Bases 

6.2. 1.2  Oata  Bases  with  Predictable  Variations 

6.2. 1.3  Oata  Bases  with  Unpredictable  Variations 

6.2.2  Requirements 

6.2.3  System  Oeslgn 

6.2.3. 1  Ground  Station 

6. 2. 3. 2  Satellites 

6.2. 3.3  Submarine  Terminals 

6.3  Environment,  Requirements,  System  Design  Considerations 

6.3.1  Environment 

6.3. 1.1  Oata  Bases  with  Predictable  Variation 

6.3. 1.1.1  Solar  Location 

6.3. 1.1.2  Lunar  Location/Brightness 

6. 3. 1.1. 3  Ice  Location 

6.3.2  Requirements 

6. 3.2.1  System  Effectiveness 

6. 3.2. 1.1  Basic  Definitions 

6. 3. 2. 1.2  Downlink  Availability 
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6.  (Continued) 

6. 3. 2. 1.3  Crosslink  Availability 

6.3.2. 1.4  Penalty 

6.3.2. 1.5  Sample  Calculation 

6. 3.2.2  Life  Cycle  Cost 

6.3.3  System  Design  Considerations 

6. 3. 3.1  Orbits 

6. 3. 3. 2  Dynamic  Efforts 

6. 3. 3. 3  Une-of-Sight 
t.3.3.4  RF  Link  Analysis 

6. 3. 3. 5  Area  Allocations 

6. 3. 3. 6  Remote  Sensor  Performance 

6. 3. 3.6.1  Submarine  Remote  Sensors 

6.3. 3.6.2  Satellite  Remote  Sensors 

6.4  Model  Implementation 

6.5  Discussion  of  Analysis 

6.5.1  Environmental  Models 

6.5.2  System  Design  Analysis 

6.6  Parameter  Value  Uncertainties 
6.6.1  Environment 
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6.1  FULL  OSCAR  SYSTEM  MODEL  --  PHILOSOPHY  AND  FLOW  CHARTS 


This  section  explains  the  basic  approach  used  in  developing  the  architecture 
for  the  Full  OSCAR  System  Model  (FOSM),  and  presents  a  flow  chart  showing  the  overall 
interrelationship  of  the  analysis  discussed  in  Section  6.3  and  its  required  Inputs. 
(These  Inputs  are  discussed  In  more  detail  in  Section  6.2.) 

6.1.1  Philosophy  of  Approach  --  Full  OSCAR  System  Model  (FOSM) 

This  model,  when  fully  implemented  and  verified,  will  be  a  model  of  the  com¬ 
plete  OSCAR  system.  At  this  time,  only  the  overall  architecture  of  the  FOSM  has 
been  developed.  In  developing  this  architecture  we  have  used  the  following  approach: 

a.  The  SPDPM  is  fully  available  for  use  as  a  building  block; 

b.  The  DCM  is  fully  available  for  use  as  a  building  block; 

c.  The  baseline  option  in  the  OCM  is  the  one  most  favorable  for  OSCAR 
Implementation  —  i.e. ,  fully  adaptive  scan; 

d.  The  FOSM  requires  inputs  in  the  categories  of  environment,  requirements 
and  system  design. 

e.  The  environmental  inputs  Include  the  time  varying  data  bases  of  cloud 
parameters,  air-water  Interface  parameters,  and  water  parameters. 

f.  The  requirements  Inputs  include  system  effectiveness  parameters. 

g.  The  system  design  parameters  include  the  details  of  all  aspects  of  the 
syster>,  from  ground  station  through  satellite  orbits  through  submarine 
terminal S. 

h.  The  system  performance  over  a  given  set  of  time  intervals  is  calculated 
for  a  given  system  design  using  the  sub-models  Included  herein.  If  suit¬ 
able  system  performance  is  not  achieved,  the  system  design  is  modified 
and  the  system  performance  calculated  again.  If  suitable  system  perform¬ 
ance  is  achieved  over  a  given  set  of  time  Intervals,  then  the  results  are 
combined  with  those  over  other  time  intervals,  so  that  the  system  per¬ 
formance  over  the  system  lifetime  is  estimated.  If  this  lifetime  oerform- 
ance  is  not  suitable,  the  system  design  is  Iterated,  and  the  process 
repeated  until  the  system  performance  matches  the  requirements. 
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6.1.1  (Continued) 

1.  The  downlink  availability  Is  the  driver  of  total  system  effectiveness. 

At  this  stage  of  the  overall  OSCAR  program,  the  SPOPM  is  composed  of 
unverified  propagation  models,  the  DCM  inputs  Include  uncertain  parameters, 
and  the  technology  to  be  used  In  the  OSCAR  system  Is  in  the  R&C  stage. 
Therefore,  the  downlink  availability  Is  calculated  to  the  limits  of  our 
present  day  knowledge,  and  reasonable  requirements  are  Imposed  on  the 
remaining  contributors  to  system  effectiveness  so  that  the  system  speci¬ 
fication  Is  met. 

Implementation  of  this  approach  is  discussed  in  Section  6.4,  and  exemplary 
results  are  presented  In  Section  3  of  Volume  IV  of  this  final  report. 

6.1.2  Model  Flow  Chart  --  Full  OSCAR  System  Model 

A  top  level  schematic  of  the  Full  OSCAR  System  Model  (FOSM)  is  shown  In  Fig¬ 
ure  6-1.  The  input  parameters  are  designated  as  environment,  requirements  and 
system  design.  All  three  inputs  are  used  to  calculate  the  downlink  performance  over 
many  time  Intervals,  which  requires  a  multiple  application  of  the  DCM.  The  environ¬ 
ment  and  system  design  parameters  are  used  to  estimate  upl Ink/crossl Ink  availability, 
and  the  system  design  Inputs  are  then  used  to  calculate  equipment  availability.*  All 
availabilities  are  then  used  to  calculate  system  effectiveness  over  the  same  time 
Intervals,  and.  If  no  system  design  iteration  Is  necessary,  then  performance  over 
the  system  lifetime  Is  calculated. 


*8ut  from  (1)  above,  at  present  the  uplink  and  equipment  availability  are  not  cal¬ 
culated  from  first  principles,  but  are  assigned  'rom  the  downlink  result. 
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Figure  6-1.  Complete  Model-Flow  Chart 
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6.2  INPUT  INFORMATION 

The  inputs  to  the  FOSM  are  divided  into  Environment,  Requirements  and  System 
Design.  This  section  discusses  eacn  of  these  three  kinds  of  inputs. 

6.2.1  Environment 

The  Environmental  inputs  to  the  FOSM  are  composed  of  fixed  data  bases,  data 
bases  with  predictable  variations  and  data  bases  with  unpredictable  variations. 

Each  type  has  extensive  Inputs  for  the  Full  OSCAR  System  Model. 

6.2. 1. 1  Fixed  Data  Bases 

The  fixed  data  bases  Include  the  operational  area  coverage,  the  astronomical 
distances  (since  we  ignore  monthly  and  seasonal  changes  in  R<-y  and  R^),  The  choice 
of  Environmental  Resolution  Elements,  the  Skylight/Starlight  strength,  and  ocean 
depth  within  the  coverage  area.  Some  of  these  data  bases  were  previously  used  In 
the  SPOPM.  Other  and  new  environmental  parameters  include: 


SYMBOL 

DESCRIPTION 

UNITS 

V  3J 

Mean  latitude  and  longitude 
of  all  the  ERE’s  within  the 

degrees 

coverage  area. 

°oc  1j 

Mean  ocean  depth  of  ijth  ERE. 

This  enters  in  when 

°oc  ij  1  °' 

meters 

6.2. 1.2  Data  Bases  with 

Predictable  Variations 

The  data  bases  with  predictable  variations  include  the  solar  latitude  and 
longitude,  the  lunar  latitude,  longitude  and  phase,  and  the  locations  of  the  Ice. 
Some  of  these  data  bases  were  previously  used  in  the  SPDPM  and  DCM,  including  ls, 

lm’  ‘sir  “Sir  *ht  and  -*ir 

Other  and  new  environmental  parameters  include: 

SYMBOL  DESCRIPTION  UNITS 

tj)|.  Phase  of  the  moon,  which  deter-  degrees 

mines  its  relative  strength. 

t  Time  of  day  at  Greenwich  hours 

(0  degrees  longitude) 
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6.2. 1.2  (Continued) 


SVM80L 

DESCRIPTION 

UNITS 

TIME  AFTER  WINTER  SOLSTICE 

days 

tmo 

Time  after  full  moon 

days 

tnm 

Time  after  sunset 

hours 

=0 

Lunar  latitude  at  sunset  of 
a  given  day 

degrees 

,cu 

Fraction  of  the  1jth  resolu¬ 
tion  element  which  Is  covered 
by  Ice. 

-- 

6.2. 1.3  Data  Bases  with  Unpredictable  Variations 

The  data  bases  with  unpredictable  variations  include  the  cloud  conditions, 
the  air-water  Interface  conditions,  the  water  conditions  and  the  strength  of  the 
biolumlnescence.  Parts  of  these  data  bases  have  been  used  In  the  SPDPM  and  DCM, 
Including:  T,  j  ,  <cose',  *  and  H  for  the  clouds  for  each  ERE;  n  and  V  for 
the  air-water  Interface  for  each  ERE;  n,  k^ ,  0^ ,  (?Sj,  and  S  for  the  water  for  each 
ERE;  and  lg5^  for  the  biolumlnescence  for  each  ERE. 

Of  these  thirteen  parameters,  the  most  1m>ortant  ones  with  unpredictable 
temooral  and  spatial  variations  are  T  and  -  for  the  clouds,  V  for  the  air-water 
interface,  k^  and  for  the  water,  and  Lg^  Itself  for  the  blolianlnescence. 

New  inputs  Include: 


SYMBOL 

DESCRIPTION 

UNITS 

MTBFc 

Mean  time  between  environmental 
conditions  which  are  sufficient 
to  cause  an  outage. 

hours 

MTTRc 

Mean  time  for  outage-causing 
conditions  to  clear. 

hours 
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6.2.2  Requirements 

The  Full  OSCAR  System  Model  uses  the  complete  OSCAR  requirement  set  as  its 
requirements  inputs.  Some  of  these  have  previously  been  used  in  the  SPDPM  and  DCM, 
including  Tft,  M^,  N^,  Nspi,  NJit  g  and  D.  The  rest  of  the  requirements  are: 

a.  Full  operational  area  coverage,  specified  in  terms  of  ,  £j,  for  the 
ERE's. 

b.  No  submarine  motion  constraint  (speed  or  direction); 

c.  System  Effectiveness,  specified  in  terms  of  a  total  system  availability 
Eff  (syst).  Also  Important  are  the  time  over  which  the  aval  labl  Htles 
are  averaged  in  order  to  obtain  Ef^  (SYST),  and  P^,  the  penalty  time  for 
an  outage  of  any  portion  of  the  link. 

6.2.3  System  Design  Inputs 

The  required  system  design  inputs  Include  Ground  Station,  Satellite,  and 
Submarine  Terminal  information. 

6.2.3. 1  Ground  Station 

The  microwave  ground  stations  were  not  considered  at  all  in  the  SPDPM  nor  the 
DCM  because  those  models  only  Involve  the  downlink.  Therefore,  all  the  Inputs  are 


new.  and  consist 

of: 

SYMBOL 

DESCRIPTION 

UNITS 

B 

Number  of  bits  to  be  conveyed  on  the  uplink. 

bits 

u 

per  single  time  interval 

8c 

Number  of  bits  to  be  conveyed  on  the  crosslink, 
per  single  time  interval 

bits 

3B 

Number  of  bits  to  be  conveyed  on  the  backlink, 
per  single  time  Interval 

bits 

*u 

Time  allowed  for  uplink  delivery  of  bits 

seconds 

*c 

Time  allowed  for  crosslink  delivery  of  bits 

seconds 

h 

Time  allowed  for  backlink  delivery  of  bits 

seconds 

VRF 

Wavelength  corresponding  to  center  RF  frequency 

meters 

ps 

Satellite  transmitter  power 

watts 

PG 

Ground  station  transmitter  power 

watts 
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6.2.3. 1  (Continued) 

SYMBOL 

DESCRIPTION 

UNITS 

PJGJ 

Effective  jammer  radiated  power 

watts 

n 

s 

Satellite  antenna  efficiency 

-- 

"G 

Ground  station  antenna  efficiency 

— 

aJ 

Latitude  of  jammer 

degrees 

-J 

Longitude  of  Jammer 

degrees 

*GS 

Latitude  of  ground  station 

degrees 

*GS 

Longitude  of  ground  station 

degrees 

tsun 

Noise  temperature  of  the  sun 

°Ke1 vln 

tearth 

Noise  temperature  of  the  earth 

°Kelv1n 

Receiver 

Noise  temperature  of  the  receiver 

°Kel vln 

train 

Noise  temperature  of  the  rain 

°Kel vln 

w 

Extent  of  Spread  Spectrum 

Hr 

friHrj.1  /  Energy  per  bit  \ 

cycles 

\Vc 

Crltlca1  ^No1se  Power  pe  .  Hertz  J 

bit 

nRF 

Number  of  ground  sites  per  satellite 

-- 

°s 

Satellite  antenna  diameter 

meter* 

°G 

Ground  Station  antenna  diameter 

meters 

rjg 

Distance  from  Jammer  to  Ground  Station 

meters 

\)L 

Uplink  availability 

-- 

MTBF 

Mean  time  between  failure 

hours 

MTTR 

Mean  time  to  repair 

hours 
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6. 2. 3. 2  Satellites 

Some  Inputs  for  the  satellites  were  previously  used  In  the  SPDPM  and  the  DCM, 
but  primarily  for  a  single  time  Interval.  The  Invariant  satellite  Inputs  are  R^g, 
Rjqyt  t  ^ ^ •  PRf t  Ep,  F^  *  Rg»  P^  ^g,  t ^ ,  l,  Q»  Yy»  c*  HAR6,  AX,  and 

choice  of  the  scanning  approach. 

Additional,  and  new  Inputs  are: 


SYMBOL 


p* 

*T0T 


'ORB 


“OR 


n 


DESCRIPTION 

Total  prime  power  capability  of  the  satellite 

Period  of  the  orbits 

Eccentricity  of  the  (elliptical)  orbit 

Time  when  perigee  of  the  orbit  was  traversed 

Argument  of  perigee 

Inclination  angle 

Right  ascension  of  the  ascending  node 

Rotation  rate  of  the  earth 

Number  of  satellites  In  single  ground  track 


UNITS 

watts 

hours 

hours 

degrees 

degrees 

degrees 

degrees/second 
(rad Ians/ second) 


V 


lGS 

fGS 

*S 

5S 

Revisits 

MT8F 

HTTR 


Optical  frequency 
Optical  wavelength 
Latitude  of  Ground  Station 
longitude  of  Ground  Station 
Latitude  of  jammer 
Longitude  of  jammer 

Number  of  times  a  given  spot  Is  revisited 

Mean  time  between  failures 

Mean  time  to  repair  (or  replace) 


Hz 

meters 

degrees 

degrees 

degrees 

degrees 

hours 

hours 
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6. 2. 3. 3  Submarine  Terminals 

Host  of  the  system  design  Inputs  for  the  submarine  terminal  have  already  been 
listed  In  the  SPDPM  and  OCX  sections.  Including  eR.  0,  yR.  d,  B0pT,  (kT),  F  ,  G, 
(ne/hv),  R^,  F,  G^,  Gaz,  tj£,  demodulation  approach,  and  post- detect Ion  proc¬ 
essing  for  tlme-of-peak  demodulation. 

Other  and  new  Inputs  are: 

DESCRIPTION  UNITS 

Mean  Time  Between  Failure  hours 

Mean  Time  to  Repair  ho;>rs 


SYMBOL 

^SUB 

"H^SUB 
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6.3  ENVIRQWHENT.  REQUIREMENTS  AND  SYSTEM  DCSIGW  CONSIDERATIONS 

This  section  discusses  the  analysis  to  be  used  In  the  Full  Oscar  System  Model 
architecture,  except  for  those  previously  developed  In  Sections  3  and  4  (the  SPOPH), 
and  Section  5  (the  DCM). 

Section  6.3.1  considers  models  for  the  predictable  environmental  data  bases. 
Including  sun,  moon  and  Ice  location. 

Section  6.3.2  discusses  models  for  system  effectiveness  and  life  cycle  cost. 

Section  6.3.3  describes  the  system  design  analyses  relating  to  the  orbits, 
dynamic  effects,  1 Ine-of-sight ,  RF  link  analysis,  area  allocations,  and  remote 
sensor  performance  for  both  the  submarine  and  the  satellite. 
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6.3.1  Environment 

The  sub-models  for  the  data  bases  only  correspond  to  data  bases  with  predictable 
spatial  and  temporal  variations.  (The  fixed  data  bases  are  numbers  Input  to  other 
models,  while  the  unpredictable  data  bases  are  not  suitable  for  modeling  due  to  their 
unpredictability.*) 

6. 3. 1. 1  Solar  Location 

The  solar  contribution  to  the  optical  background  Is  characterized  by: 

!?$/2:  The  half-angle  subtended  by  the  sun  at  the  earth, 

L^:  Effective  exo- atmospheric  radiance  of  the  sun; 

R^:  Distance  from  the  sun  to  the  receiver; 

Solar  latitude; 

Solar  longitude. 

To  the  accuracies  required  by  the  SPDPM,  DCM  and  FOSM,  the  first  three  param¬ 
eters  are  taken  as  invariable,  and  equal  to: 

■  4.65  (10’3)  radians 

■  635.62  watts/((m2  (srad)  ..m)) 

R$u  »  1.497  ( 101 1 )  meters. 

The  solar  latitude  and  longitude  are  key  to  estimates  of  the  solar  zenith 
angle  for  a  given  environmental  resolution  element,  as  shown  In  equation  (5-6)  of 
Section  5.3.1  of  this  report.  However,  they  do  not  have  to  be  modelled  with 
extreme  accuracy  since  the  PS(J  and  NEPg  are  fairly  Insensitive  to  changes  In  solar 
zenith  angle  of  t2.5°. 

We  therefore  consider  simple  models,  and  separate  the  latitude  and  longitude. 


•Future  work  may  change  the  categorization  of  some  of  these  unpredictable  data 
bases  to  predictable,  and  hence  model -suitable,  ones. 
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6. 3. 1.1  (Continued) 

For  the  longitude  (degrees  east  of  Greenwich) .the  sun  Is  modelled  as  going 
around  the  earth  once  In  24-hours  (to  our  accuracy), so  we  take 


for  t  «  time,  measured  In  hours  after  high  noon  at  0°  longitude  (Greenwich). 
For  the  latitude,  the  extreme  and  mean  are  well  known,  so  that 

aSU  ■  °°‘  vernal  equinox 

•  23.5°,  surmer  solstice 

*  0°,  autumnal  equinox 

■  -23.5°,  winter  solstice. 

Considering  the  accuracy  required  (and  to  minimize  computational  time),  we  use 
Table. 6-1  as  the  solar  latitude  model. 


Table  6-1.  Solar  Latitude  Model 


DAYS  AFTER 

WINTER  SOLSTICE 

isu  (DEGREES) 

o 

-23.5 

30 

-21. 

61 

-12 

91  (Equinox) 

0 

;  121 

♦12 

!  152 

♦21 

192  (Sumner  Solstice) 

♦23.5 

CM 

CM 

CM 

♦21 

1  253 

♦12 

283  (Equinox) 

0 

314 

-12 

335 

_ , _ 

-21 

Values  between  those  shown  are  linearly  Interpolated. 
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6. 3. 1.2  Lunar  Location  and  Phase 


The  lunar  contribution  to  the  optical  background  Is  characterized  by: 


The  half-angle  subtended  by  the  moon  at  the  earth; 
Effective  exo- atmospheric  spectral  radiance  of  the  moon; 
01  stance  from  the  moon  to  the  receiver; 

Lunar  latitude; 

Lunar  longitude. 


To  the  accuracies  required  by  the  SPDPM,  DCM  and  POSH,  the  first  and  third 
parameters  are  taken  as  Invariable,  and  equal  to: 


•  4.65  ( 10~ J )  radians; 


R  •  3.83  (10  )  meters, 

mu 


The  value  of  L^  used  In  the  SPDPM  was  1.37  (10‘3)  watts/(  (meters)2  (srad) 
(meter)  ),  corresponding  to  a  full  moon  In  the  blue-green  spectral  region.  For  any 
but  a  full  moon  the  magnitude  of  L^  Is  reduced.  The  magnitude  of  Lm  depends  on  the 
phase  angle,  as  defined  In  Figure  6-2. 


6-16 


»V*CM 


iSMUMMfl 

I’UtM 

Mt<  im  o»  i  mam 


6.3. 1.2  (Continued) 

To  the  accuracy  required  here,  we  take  a  to  linearly  go  through  360°  In 

pn 

27.5  days,  so  that 


for  t  measured  In  days,  and  corresponding  to  time  after  full  moon. 

No  analytic  model*  exists  to  relate  L  to  so  we  use  the  empirically 

fn  pm 

derived  result  In  Table  6-2,  and  the  equation: 


L  ■  1.37  (10*3)  I 

m  m 


(6-3) 


Table  6-2.  Lunar  Brightness  as  a  Function  of  Phase  Angles 


LUNAR  BRIGHTNESS  AS  A  FUNCTION  OF  PHASE  ANGLE 

Of  pm 

Or  pm 

T 

(DEGREES) 

'm 

0 

1 

5 

0-88 

75 

0.12 

10 

0.78 

80 

0.1 

IS 

o.ee 

85 

0.09 

20 

0.61 

90 

0.08 

25 

066 

96 

0.07 

30 

0.48 

100 

0.06 

36 

0.43 

106 

066 

40 

0J7 

110 

0.046 

46 

0-33 

115 

064 

SO 

028 

120 

0.036 

56 

024 

130 

0.025 

60 

02 

140 

0.01 

66 

0.17 

150 

0 

70 

0.14 

*Z.  Kopal,  "An  Introduction  to  the  Study  of  the  Moon."  Gordon  and  Breech, 
(New  York,  1966)  Chapter  17. 
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6. 3. 1.2  (Continued) 

The  lunar  latitude  and  longitude  are  key  to  estimates  of  the  lunar  zenith  angle 

for  a  given  environmental  resolution  element,  as  shown  in  equation  (5-7)  of 

Section  5.3.1  of  this  report.  However,  they  do  not  have  to  be  modelled  with  extreme 

accuracy  since  the  P  and  NEPQ  are  fairly  insensitive  to  changes  of  lunar  zenith 

mu  d 

angles. 

We  therefore  consider  simple  models,  and  separate  the  latitude  and  longitude. 

For  the  longitude,  again  In  degrees  east  of  Greenwich,  the  earth  rotates  360° 
while  the  moon  Is  moving  approximately  1/28  (360)  ■  12.9°  In  Its  orbit  around  the 
earth.  Over  one  night,  the  Inaccuracy  In  completely  neglecting  lunar  motion  is  taken 
as  negligible  and  for  each  night  we  take 


(6-4) 


for  ■  Initial  longitude  of  the  moon  at  sunset,*  and 

t  •  time  after  sunset,  measured  in  hours, 
nm 


For  the  latitude,  we  use  the  fact  that  the  plane  of  the  moon-earth  orbit  Is 
Inclined  at  approximately  5.1°  to  the  ecliptic,  the  plane  of  the  earth-sun  orbit. 
Therefore,  we  take 


mu  su 

i _ l 

as  our  approximate  model  for  the  lunar  latitude. 

6. 3. 1. 3  Ice  Locations 

A  few  of  the  environmental  resolution  elements  are  far  enough  North  that  a 
fraction  of  their  area  Is  covered  by  Ice  during  the  winter  and  spring  months.  We 
model  this  as  completely  blanking  the  OSCAR  communication  downlink  for  that  fraction 
of  the  area.  The  key  parameter  Is: 


*S0  should  be  provided  by  a  separate  input,  so  that  the  approximation  errors  In 
equation  (6-4)  are  not  compounded  from  night  to  night. 
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IC^:  Fraction  of  1jth  resolution  element  covered  by  Ice.  IC^  will  be  pro¬ 
vided  In  a  look-up  table  In  Volume  IV  of  this  final  report.  We  do  not  present  It 
here  so  that  the  unclassified  nature  of  this  volume  may  be  sustained. 

6.3.2  System  Effectiveness  and  Life  Cycle  Cost  Models 

This  section  discusses  models  for  the  system  effectiveness  In  terms  of  link 
availability,  and  the  life  cycle  cost  model. 

6. 3.2.1  System  Effectiveness 

The  full  OSCAR  system  may  be  depicted  as  a  conmunication  tree  where  the  mes¬ 
sage  originates  at  the  ground  stations  (relatively  few  in  number),  is  transmitted 
through  the  uplink  to  the  satellite,  and  then  through  downlinks  to  the  submarines.* 
Such  a  tree  is  represented  in  Figure  6-3,  with  the  system  elements  shown. 

ELEMENTS 

GROUND 
STATIONS) 

UPLINKS 


SATELLITES 
CR_OSSL]NKS 

DOWNLINKS 

SUBMARINE 
RECEIVER 

Figure  6-3.  System  Effectiveness  Communication  Tree 


•Crosslinks  between  satellites.  If  used,  would  not  destroy  this  analogy. 
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6.3.2. 1.1  Basic  Definition 

Using  the  communication  tree,  It  Is  seen  that  an  end-to-end  link  can  be 
traced  from  each  submarine  back  to  a  ground  station.  Therefore,  the  number  of 
complete  links  will  equal  the  number  of  submarines,  and  the  rth  link  will  have 
an  availability: 


A  (r)  -  a  (r)A,  (r)A  (r)A  (r)A  {r)A  (r) 
V  '  bS  "UL  SAT  *0.  *DL  SB 


(6-6) 


The  availabilities  used  are  for  the  appropriate  element  in  the  link  e.g., 
that  of  the  ground  station  and  that  of  the  satellite  which  services  that  partic¬ 
ular  submarine,  and  are  defined  as: 

AGS  '  9r0und  station  availability, 

^JL  *  availability, 

ASAT*  satellite  availability, 

ACL  "  cross1ink  availability,  including  relay  equipment  on  satellites, 
Aql  »  downlink  availability, 

AS0  *  submarine  receiver  availability. 

System  effectiveness  is  defined  as  t*e  average  end-to-end  link  availability: 


Eff(syst)  =  V 


(6-7) 


This  can  be  written  in  the  expanded  form. 


1  -l  .  (r).  (r).  (r).  (r).  fr).  (r) 


Eff(syst)  *  :L  Ags  A^ 


SAT  Cl  Jl  SB 


(6-8) 


Because  of  the  construction  of  the  tree,  this  equation  can  be  expanded  in 
the  following  form: 


6-20 


uac«< 


6. 3. 2.1.1  (Continued) 


£f f ( syst ) -  |  A^fl)  [AUL<1)ASAT<1)ACL(1)  (  ADL(1)ASB(1)*AOL(2)AS8C2)*  *  ) 

♦V(2)Sat(2^(2,(^l(1>asb(1,*aol(,*1,asb(1*1^"-) 

♦AulU)Asat(  j)ACL(  j  )^ADL(k)ASB(k)*A0L(k*l)ASg(k+l)  +  . .  j 
*AGS^ '  £AUL^m^ASAT^m^AClJm^(AIM.^n^A$B^n^ADl^n+^A$B^n+^*‘  ’ ') 


*V(^1)ASAT(m>1]ACL(mM)(AOL(p5ASB(p)  +  -- 


*'•)] 


(6-9) 


If  the  availability  of  any  individual  system  element  is  the  same  as  any  other 
element  of  the  same  type,  then  the  expression  for  system  effectiveness  reverts  to 
the  much  simplier  form: 


1  eff(syst)  -  *Gs*uL*sat*cl*ol*sb  ,  (6'10 

Moreover,  if  the  availability  of  like  elements  is  identical,  then  the  mean 
link  availability  is  equivalent  to  any  individual  element  availability. 

6.3.2. 1.2  Dovmlink  Availability 

The  "downlink"  availability  requires  special  mention.  Although  at  any  time 
the  number  of  downlinks  equals  the  number  of  boats,  the  specific  location  of  the 
boats  is  not  known,  even  to  the  appropriate  environmental  resolution  element. 
Therefore,  the  downlink  availability  is  averaged  over  all  possible  boat  locations, 
which  in  particular  wilt  be  the  satellite  area  of  responsibf 1 1 ty,  but  in  sum  would 
be  the  entire  FBM  operational  area. 

Also  since  the  downlink  is  tied  intimately  to  weather  conditions,  water 
conditions,  and  signal  and  background  conditions,  it  is  reasonable  to  average 
over  a  time  interval  sufficient  to  include  a  range  of  these  conditions.  A  one 
month  interval  would  allow  for  seasonal  variations  and  permit  systems'  strategies 
which  optimize  for  seasonal  variations.  However,  in  order  to  meet  the  system 
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6.3.2. 1.2  (Continued) 

effectiveness  specification,  the  availability  should  be  averaged  over  at  least  a 
year  (or  multiple  seasonal  periods.  Including  the  appropriate  system  strategies). 

6.3.2. 1.3  Crosslink  Avallabll Ity 

The  crosslink  availabilities  are  most  likely  to  be  those  elements  which  do 
not  have  Identical  values.  This  Is  seen  from  the  fact  that  some  end-to-end  links 
may  Include  crosslinks  trtille  other  end-to-end  links  may  not  require  them.  There¬ 
fore  a  weighted  mean  Is  used  in  the  equation  for 


■aWW1!1 


(6-11) 


where  Is  the  number  of  crosslinks  used  In  the  entire  system,  and  the 
crosslink  availability  Is  taken  as  unity  for  those  links  not  using  crosslinks. 

In  general,  the  number  of  end-to-end  links  using  crosslinks  may  change 
during  a  cycle  of  the  satellite  orbits.  Therefore,  NCL  may  be  a  dynamic  number, 
and  the  average  value  over  a  complete  cycle  will  be  used. 

6. 1 . 2 . 1 . 4  Penal ty 

The  specification  requires  that  a  penalty  be  Imposed  for  each  outage.  This 
penalty  is  imposed  on  the  average  element  availabilities  in  accordance  with  the 
following  rule: 


(6-12) 


where  X  Is  the  larger  of  either 


(KTTR/MTBF)^ 


or 


av 


en 


(*TBF) 


XX 
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6.3.2. 1.4  (Continued) 

where  T  Is  the  time  over  which  the  system  effectiveness  is  averaged,  is  the 

flv  cn 

penalty,  MTTR  is  the  mean  time  to  repair,  and  MTBF  is  the  mean  time  between 

failures. 

In  the  case  of  the  downlink,  the  nomenclature  "mean  time  between  failures" 
and  "mean  time  to  repair"  is  meaningless.  The  same  statistical  concepts  are 
retained  by  assigning  the  following  definitions  for  links  that  do  not  have  equip¬ 
ment: 

MTBF^.  =  mean  time  between  conditions  which  are  sufficient  to  cause 
outage. 

MTTRc  3  mean  time  for  these  conditions  to  clear. 

For  the  uplink  and  downlink,  this  information  must  be  provided  by  the  environmental 
data  bases,  either  implicitly  or  explicitly. 

6. 3.2. 1.5  Sample  Calculation 

A  sample  calculation  of  availability  has  been  performed  using  the  values  in 
Table  6-3.  and  choosing  T  *8700  hours  (1  year).  P  M  hour. 

3V  rn 


TABLE  6-3 

Inputs  for  Sample  System  Effectiveness  Calculations 


GS 

Ul 

SAT 

DL 

SB 

|  MTBF 
^  (hours) 

;  5000 

: 

10.000 

50.000 

■  400 

j 

5000 

|  MTTR 

l 

.5 

| 

1  12 

1 

!  (hours) 

i 

I 

J _ 

6. 3.2. 1.5  (Continued) 

The  mean  element  availabilities  are: 

Aq$  •  0.9965 
JyL  ■  0.99991 

*S»I  ■  °  "8 
*DL  ‘  0-948 

*SB  "  0.9965 

The  syete-  effectiveness  Is  thee  0.945. 

In  this  example  the  downlink  availability  dominates  the  system 
effectiveness,  as  would  seem  reasonable. 

6. 3. 2. 2  Life  Cycle  Cost  Model 

The  life  cycle  cost  models  to  be  used  In  the  FOSM  are 

|  NAVWESA,  WEAPON  SYSTEM  ICC.  FLEX  9B  and 
|  NAVWESA,  EQUIPMENT  ICC.  aEX  48 

They  have  been  used  by  GTE-Syl vanla  on  other  NAVY  programs. 

6.3.3  System  Design  Analyses 

The  new  system  design  analyses  Includes  Orbits,  Dynamic  Effects,  line-of- 
Slght,  RF  link  analysis.  Area  Allocation  and  Remote  Sensor  Performance. 

6. 3. 3.1  Orbits 

The  OSCAR  satellites  are  assumed  to  travel  In  circular  or  elliptical  orbits 
around  a  spherical  earth.  Any  perturbations  to  these  orbits  caused  by  the  sun, 
the  moon,  atmospheric  drag,  or  the  aspherlclty  of  the  Earth’s  gravitation  field 
are  to  be  corrected  by  periodic  thrusts  from  station-keeping  rockets.  The 
orientations  of  the  elliptical  orbits  remain  fixed  In  Inertial  space  (Figure  6-4), 
and  are  referenced  to  the  Earth's  equatorial  plane  (Figure  6-5). 
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6.3.3. 1  (Continued) 

Time  Is  referenced  to  the  sidereat  day,  which  represents  one  rotation  of 
the  Earth  relative  to  inertial  space,  rather  than  to  the  sun.  This  differs  from 
a  solar  day  by  a  factor  of  364/365,  since  the  Earth  rotates  one  more  time  during 
this  year  than  the  number  of  days  in  the  year.  The  "h our"  used  for  time  is 
defined  as  one  twenth-fourth  of  a  sidereal  day,  and  the  time  origin  corresponds 
to  the  earth's  prime  meridian  pointing  in  the  direction  of  the  vernal  equinox. 

The  satellite  positions  are  determined  by  six  orbital  parameters  (See  Figure  6-5 
and  6-6): 

T  ,  the  period  of  the  orbit 

*.  ,  the  eccentricity  of  the  ellipse, 

tp,  time  when  perigee  of  the  orbit  was  traversed, 

j,  argument  of  perigee  (angle) 

i,  inclination  angle 

right  ascension  of  the  ascending  node  (angle). 

For  any  given  time,  these  are  used  to  Obtain  the  position  (Rs.as»?s)  and 
velocity  (R$,as,3s)  of  the  satellite  In  the  spherical  fixed  earth  coordinate 
system.  (This  is  the  system  used  in  the  DCM.) 

The  position  and  velocity  of  a  satellite  moving  in  a  spherically  symmetric 
gravitatioral  field  were  derived  by  Kepler: 


2  (t-tp)*‘esinE 

(6-13a) 

T 

orb 

/ 5080  km  \  T  2/3 

l  ^ )  or6 

( 6- 13b ) 
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Figure  6-5.  Geocentric  equatorial  coordinates  and  orbital  elements 
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6.3.3. 1  (Continued) 


Figure  6-6.  Orbital  Parameters 

■  a(CosE-ce) 
ly  ■  aVlT^  slnE 


i  _  2*fa  SlnE 

*  '  rrr-vosP 

1 .  2-«  %  cosE 

Y  "  T ( 1-t^cosE ) 

l. 

Z  •  0 

wtiere  E  Is  the  eccentric  anomaly  In  radians, 
a  Is  the  semi -major  axis  In  meters, 

and  the  rectangular  coordinates  (^.W.O^X^Y.O)  are  within  the  plane  of  the 
orbit  and  have  their  origin  at  the  earth's  center  {See  Figure  6-6).  Equation  (6-13a), 
called  Kepler's  equation.  Is  transcendental  and  requires  and  Iterative  solution. 


(6-1 3c ) 


( 6-1 3d ) 
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6.3.3. 1  (Continued) 

To  translate  to  equatorial  plane  coordinates  requires  the  following 
sequence  (see  Figure  6-5): 

a.  A  rotation  of  uj  about  *Z  axis. 

2 

5.  A  rotation  of  i  abcut  the  X  axis. 

c.  A  rotation  of  CK:  t  about  the  3Z  axis. 

or 

These  operations  are  accomplished  by  successive  multiplication  of  both  the 
position  and  velocity  vectors  by  the  standard  rotational  matrices  of  linear 
algebra: 


2x 

2Y  2y 

2Z  2i 


-  [«3<^ort]  [«!(<)]  [r3M] 


l;. 


1oL 


(6-14) 


where 

RjU) 

■ 

i 

0 

0 

0 

COSa 

sina 

0 

» 

■Sina 

COSa 

• 

rotation 

about 

the 

X  axis 

(or  axis  1) 

*2(a) 

■ 

■* 

COS  a 

0 

-Sina 

0 

1 

0 

sina 

m 

0 

COSa 

rotation 

about 

the 

Y  axis 

(or  axis  2) , 

R,(a) 

• 

f  cosa 

Sina 

ol 

-Sina  cosa  0 
0  0  1 


(6-15a) 


(6- 15b ) 


( 6  - 1 5c ) 


is  a  rotation  about  the  Z  axis  (or  axis  3). 
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6. 3. 3.1  (Continued) 


The  resulting  cumulative  transformation  equations  are:* 


2X  ■  ^X(cos(n+fL„t)  cosw  -  s1n(:>f.  t)  sinw  cosl) 
or  or 

-lY(cos(fr*fi  t)  sinw  ♦  s1n(n*fiort)  cosu  cosl) 

2Y  ■  1X(s1n(a>ilort)  cosw  ♦  cos(n*flort)  sinw  cosl) 

♦W(.*Sln(n*ft  t)  Sinw  ♦  cos(n*fr  t)  COSw  cosl) 
or  or 

*7  ■  lX  s1n<j  slnl  ♦  *Y  cosw  slnl 
2x  •  1x(cos(.l-Klort)  cosu  -  s1n(a-*<?  t)  stna  cosl) 
-*Y(cos(3*S  t)  slnu  ♦  s1n(3«G  t)  cost)  cosl) 
2y  »  1x(sin(."i-»f;ort)  cost)  ♦  cos(n*r<ort)  sinw  cosl) 
♦IY(-sin(.:^ort)  sinw  ♦  cos(r.*n  t)  cost)  cosl) 
2Z  ■  *X  Sint)  slnl  ♦  *Y  cost,  slnl 


(6-17 

a.b.c) 


(6-18 

a,b,c) 


The  satellite  state  vector  Is  now  referenced  to  the  Inertial  geocentric 
coordinate  system  with  the  X-axis  In  the  equatorial  plane  pointing  toward  the 
prime  meridian,  the  Y-axis  In  the  equatorial  plane,  and  the  Z-axIs  pointing 
toward  the  North^pole.  -To  change  to  the  rotating  non-lnertlal  system  requires 
subtracting  x  r  from  r: 


3*  "  *  'Kr2* 


3’  2'  2 

i  -  S  -c  ‘x 
or 


(6-19 

a.b) 


♦  The  same  equations  apply  for  ^X,  ^Y  and  ^Z. 


6-29 


MC’MM 


6.3.3. 1  (Continued) 

The  satellite  state  vector  Is  now  referenced  to  the  rotating  geocentric 
fixed  earth  rectangular  coordinate  system.  The  following  transformation  Is  used 
to  convert  between  this  system  and  the  spherical  coordinate  system  of  longitude 
and  latitude: 


\  -V3X2*V*3Z2  -Re 


as  «  tan 


yW 


!  3  ■  tan"1  3Y 

I  S  ^ 


*  IV  3  V  1  V 
RS  “  X  X  *  Y  Y  4  Z  Z 


^  +  3y2  +  3^2  I 

i  -  32(3X2*3Y2)-3Z(3X3X  *  3Y3Y)  ‘ 
5  ; 


33'  33' 

3  a  Jx  Y  -  Y  X 
S  - n — 


(6-20a) 


(6- 20b) 


(6-20c) 


(6-20d) 


(6-20e) 


(6- 20b) 


'V-  ♦  JY 


where  R^  is  the  distance  from  the  earth's  center  to  the  satellite,  2^  Is  the 
longitude,  and  is  the  latitude.  Application  of  the  foregoing  transformation 
from  the  orbital  plane  for  successive  times  traces  out  the  ground  track  of  the 
satellite. 

If  a  stationary  ground  track  Is  shared  by  several  satellites.  It  Is  assumed 
that  the  optimal  configuration  has  them  equally  spaced  In  time.  This  requires: 


!  *pj  "  1pj-i  ‘  ^ 


r.x  ,  ♦  360 
j  J*1  n 


(6-21) 


(6-21) 
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6.3.3. 1  (Continued) 

where  n  is  the  number  of  satellites,  24  is  the  orbital  period,  and  t  ,  and 

Pj  th 

r.j  are  the  time  of  perigee  passage  and  the  ascending  node  angle  for  the  j 
satellite. 

6. 3. 3. 2  Dynamic  Effects 

The  effects  of  satellite  motion  in  the  FOSH  are  summarized  by  the 
following  parameters: 

JS’*S  zenith  angle  and  rate  at  the  earth's  surface; 

*  ^ 

'SA'SA  azimuth  angle  and  rate  at  the  earth’s  surface; 

'SLEW  angle  between  2  satellites  as  viewed  from  the  earth's  surface; 


R  range  from  a  satellite  to  a  point  on  the  earth's  surface; 

SLEW  angle  between  two  points  on  the  earth's  surface  as  viewed  from 

the  satellite; 


the  relative  Doppler  frequency  shift  for  a  signal  between  the 
satellite  and  the  earth's  surface; 


^SIEW  angle  between  a  point  on  the  earth's  surface  and  a  satellite  as 
viewed  from  another  satellite; 


(iv _ \  :  the  relative  Doppler  frequency  shift  for  signal  between  two 

v  /s  satellites; 


zenith  angle  and  rate  for  a  point  on  the  earth's  surface  as 
viewed  from  inertially  oriented  satellite-centered  coordinate 
system  with  Its  Z  axis  parallel  to  the  earth’s  axis  and  Its 
X  axis  pointing  In  the  direction  of  the  vernal  equinox  (See 
Figure  6-8). 
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6. 3. 3.2  (Continued) 


-SA,0SA 


azimuth  angle  and  rate  for  a  point  on  the  earth’s  surface  In 
the  satellite's  system  (See  Figure  6-8). 


distance  between  2  satellites, 
distance  from  jammer  to  satellite. 

These  parameters  are  obtained  by  conversion  of  position  and  velocity  from 
the  geocentric  fixed  earth  system  to  coordinate  systems  centered  on  either  the 
satellites  or  the  earth’s  surface  (Figures  6-7  &  6-8).  The  positions  and 
velocities  constitute  state  vectors  for  the  satellites,  submarines,  ground 
stations,  janmers,  sun,  and  moon.  The  satellite  state  vector  in  the  rectangular 
fixed  earth  system,  were  derived  in  Section  6. 3. 3.1  as  (^X-,^Y.,^Z,,^X.,^Y,,^Zj)j. 


The  submarines,  ground  stations,  and  jammers  are  at  the  earth's  surface  and 
the  submarines  are  assumed  to  have  negligible  speed  compared  to  the  satellites. 
Their  state  vectors  In  the  spherical  fixed  earth  system  are  therefore 

(Re^suB’^SUB’0,0’0^  for  the  SubmaHnes*  ^e’^S’^GS’0,0,0^  for  the  ground 
station,  and  (R^.aj ,3j ,0 ,0.0)  for  the  jammer.  The  sun  and  moon  coordinates  in  the 

spherical  system  are  (Rsu,aslJ,asu, 0,0,0)  and 


To  determine  ^  and 


iv  for  a  submarine  or  a  ground 


station  located  at  longitude  a  and  latitude  3,  the  satellite  state  vector  is 
converted  to  a  system  centered  at  (-»,&), In  which  the  Z  axis  is  pointing  away  from 
the  earth’s  center,  the  X  axis  is  pointing  South  along  the  meridian,  and  the  Y  axis 
is  pointing  East  (See  Figure  6-7).  To  convert  to  this  system  from  the  rectangular 
fixed  earth  system  of  Section  6. 3. 3.1, the  following  operations  are  required. 


•  Rotation  of  position  and  velocity  through  an  angle  of  S  about  axis  3  using 
matrix  (6-15c)  of  Section  6.3.3. 1. 


•  Rotation  of  position  and  velocity  through  an  angle  of  (i/2)-i  about  axis  2 
using  matrix  (6-15b)  of  Section  6. 3. 3.1. 


•  Translation  from  earth  centered  to  topo-centered: 


Z  •  Z  -  R. 
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6. 3. 3.2  (Continued) 

The  resulting  transformation  equations  are: 

4  3  3  3 

X  ■  X  sin;  cost*  ♦  Y  sin;  slnB  -  Z  cos; 

\  -  -3X  Sins  ♦  3Y  cosS 

4Z  ■  3X  cos;  cosS  ♦  3Y  cost  sine  ♦  3Z  sin;  -  R3 

4X  *  3X  sin;  cosS  *  3Y  sin;  sinS  -3Z  cos 

4'  V  3* 

Y  *  -  X  sinS  ♦  Y  COSS 

4'  3'  3*  3' 

Z  *  X  cos.  cos?  ♦  Y  cos;  sin?  ♦  Z  sin. 

where  3R  state  vector  is  derived  in  Section  6. 3. 3.1. 


(6-23 

a.b.c) 


(6-24 

a.b.c) 


The  slew  angle.  at  this  latitude,  i,  and  longitude,  3,  between  two 

satellites  is  now  calculated  from  the  vector  dot  product  of  the  satellite's 
posi tions: 


n — ! 


’slew  ■  cos 


-I 


\  *2  *  \  \  A  h 


4  2^42.42  J4  ,4  ?  4  2 

*1  T1  M  *  *2  2  L2 


(6-25) 


The  rectangular  coordinates  are  converted  tn  the  spherical  coordinate 
system  shown  in  Figure  (6-9)  by  using  the  following  equations: 


R-VVeV*  V.*<-COt-1  4Z 


— - ’  >SA  "  tan_1  ^ 

K2  .  4  ?  X 


^  X‘  *  Y 


;  .  Vx  .  Vy  .  Vr 
yV .  V  .  v 

;s  .  (\‘>i  .  V;K  -  VV  .  v) 
VVTviva TTV) 

4,4'  4v4t 
*  X  Y  -  Y  X 

SA  n — n 

X  ♦  y‘ 
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a.b.c) 
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a.b.c) 
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6. 3. 3. 2  (Continued) 

The  relative  Doppler  frequency,  (iv/v),  is  calculated  from  R,  the  rate  of 
change  of  the  range  between  the  satellite  and  the  point  on  the  earth's  surface: 


(6-28) 


where  and  are  the  frequency  and  wavelength  shifts, 

v  and  are  the  carrier  frequency  and  wavelengths, 

and  C  is  the  speed  of  light. 

This  effect  limits  the  minimum  useful  bandwidth  of  nontunable  filter  and 
laser  combinations  to: 


•'••'min  *  C  :<R>MAX  * 


(6-29) 


where  is  the  radial  velocity  leading  to  the  highest  Doppler  shifted 

optical  frequency, 

and  is  the  radial  velocity  leading  to  the  lowest  Doppler  shifted  optical 

frequency, 

and  the  algebraic  sign  of  the  velocities  are  preserved. 

To  determine  Sirw  f°r  the  state  vectors  of 

the  ground  sites,  ;amners  and  .ubmarines  are  converted  to  a  coordinate  system 

centered  on  the  satellite.  The  fixed  earth  state  vectors  (R  ,  r,  i,  0,  0.  0)  in 

e 

the  latitude,  longitude  system  are  first  converted  to  rectangular  coordinates: 


’as  •  \  cos ‘GS  cosfGS 


VGS  •  %  cos'GS  5ln?GS 


ZGS  •  \  !lnoGS 


■  ^7  *  0 

»S  GS  uS  U 


(6-30 
a  ,b,c) 


(6-31 

a.b.c) 


(6-32 

a.b.c) 


(6-33 

a.b.c) 


(6-34 

a.b.c) 


XSUB  "  VSUB  *  ZS'JB  ’  0 
The  satellite  state  vector  Is  then  subtracted. 


(6-35 

I  a.b.c) 

The  resulting  vectors  are  In 


the  ,ystem  centered  at  the  satellite  and  rotating  with  the  earth.  Since  the  solar 


cells  must  always  point  toward  the  sun,  the  satellite’s  orientation  Is  assumed  to 
remain  (relatively)  motionless  In  Inertial  space  degrees  of  rotation  per  day). 
Therefore  the  orientation  of  the  basic  satellite  system  Is  assigned  to  be  Inertial. 


To  convert  to  this  system  the  state  vectors  are  rotated  -i.Qrt  about  axis  3  using 

matr1<  6*15c  of  Section  6. 3. 3.1  and  $or«r  1'  added  to  the  velocity  components,  r, 

where  r. _ is  the  rate  of  rotation  of  the  earth.  The  transformation  equations  are: 

or 


6-37 


6. 3. 3. 2  (Continued) 
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6. 3. 3. 2  (Continued) 

?SLEW  *s  m0st  easi1y  calculated  using  the  vector  dot  product  In  rectangular 
fixed  earth  coordinates: 
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where  th*  angle  between  satellite  2  and  the  jammer  on  the  earth's  surface 

as  viewed  from  satellite  1. 


R^,  the  distance  between  2  satellites,  and  R^j,  the  distance  between 
satellite  2  and  the  janwer,  are  calculated  In  the  fixed  earth  coordinate  system: 
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6. 3.3.3  Line  of  Sight  Calculation 

A  line  of  sight  must  exist  between  two  satellites  before  they  can  cownunlcate 
using  crosslinks,  and  the  sun  must  be  visible  to  a  satellite  before  it  uses  Its 
laser  (or  it  will  need  excessive  battery  storage),  for  these  reasons  the  line  of 
sight  condition  Illustrated  In  Figure  6-10  must  be  examined.  The  shaded  area 
Is  not  visible  from  satellite  1.  represented  by  position  vector  flj.  For  another 
satellite  or  the  sun,  with  position  vector  ^  To  be  outside  of  this  area. 


or 

,1  >  « 


(6- 50a) 


(6- 50b) 
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6. 3. 3. 3  (Continued) 

- - 

i.e..  satellite  2  Is  visible  If  It  Is  within  ^Rj  -  Rg  of  satellite  1.  or  If  It 
Is  outside  the  cone  formed  by  the  satellite  and  Its  tangents  to  the  earth.  ©  Is 
the  angle  between  vector  R^  and  vector  R^  -  and  can  be  calculated  using  the 
vector  dot  product: 


1  -1  <VVR1 

*  •  cos  r S — 6  VTa 


j  2 ;  !  i 


From  Figure  6-10 


The  second  condition  then  becomes: 


<“r~V»i  <  V"l  •  .  ■ 

!  iRi*R2i 

Expressed  In  the  rectangular  fixed  earth  coordinates  derived  In 
Section  6.  3. 3.1  the  two  conditions  become: 
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6. 3. 3. 3  (Continued) 


These  can  be  immediately  applied  If  the  satellite  position  vectors  are 
expressed  In  any  rectangular  coordinate  system.  The  sun  position  Is  defined  In 
the  full  system  model  In  terms  of  the  latitude,  longitude  spherical  coordinate 
system  and  must  be  converted  using  equations  (6*20)  of  6. 3. 3.1  before  the  test. 

For  the  sun,  the  first  test  Is  useless.  Since  the  sun  Is  very  far  away  and  is 

-♦  -w 

In  reality  an  extended  light  source,  the  vector  difference  Rj  -  R^  Is  approximated 
by  the  sun  position  vector.  The  second  condition  then  becomes: 


(6-54) 


where  R£  Is  the  unit  vector  In  sun's  direction.  Therefore  using  equations  (6-20) 
of  Section  6.3.3. 1.  the  line  of  sight  condition  to  the  sun  becomes: 


(6-55) 


This  will  be  required  for  every  satellite  at  the  time  It  Is  using  Its  laser, 
and  equations  (6-53a)  and  (6-53b)  above  will  be  required  for  every  2  satellites 
which  are  using  a  crosslink. 

6. 3. 3.4  RF  Communication  Link  Analysis 

There  are  three  potential  RF  communication  links:  an  uplink  from  the  ground 
station  to  a  satellite,  a  crosslink  between  satellites,  and  a  link  from  the 
satellite  back  to  the  ground  station  (which  will  be  called  a  backllnk).  The 
uplink  and  backllnk  share  the  same  frequency  band,  but  the  difference  In  the 
transmitter  powers,  data  rates,  and  noise  sources  requires  separate  analysis. 

Three  signal  margins  which  determine  the  success  of  the  links, 

will  be  derived  using  the  following  Inputs: 

®u’®c’®9:  Nu"*>*r  °f  for  eacb  t0 

t  ,t  .t»:  Time  allowed  for  each  link  to  transfer  data, 

U  C  o 

Xpp:  Wavelength  corresponding  to  RF  center  frequency, 

Pj.Pj.:  Satellite  and  ground  station  transmitter  powers. 


6. 3.3.4  (Continued) 

0,,D„:  Satellite  and  ground  station  antenna  diameters, 

J  vj 

?jGj:  Effective  radiated  power  for  a  jammer, 

.'-j.:  Satellite  and  ground  station  antenna  efficiencies, 

RGS:  range  from  the  ground  site  to  the  satellite, 

Rj^:  The  range  from  the  jamer  site  to  the  satellite, 

RGJ:  The  range  from  the  jammer  site  to  the  ground  site, 

R^ :  The  range  from  one  satellite  to  another. 

The  zenith  angle  to  the  satellite  as  measured  at  the  ground  site, 

:  rhe  reguired  availability  for  the  uplink  (and  backl  ink)  atmospheric 

channel . 


rSLEW:  an91e  between  a  jammer  at  latitude  and  longitude  Sj  and  a 

satellite  as  view*»d  from  another  satellite. 


TRAiN,rRADOtE:  attenuation  factors, 

TSUN,TEARtH,TRECEIVER,TRAIN:  Nolse  t*mP*ra^ures* 
W:  Spread  spectrum  bandwidth  for  signal. 


'he  uol ink/backl ink  model  is  illustrated  in  Figure  6- 1  la  where  the  narrow 
beam  of  the  satellite  antenna's  gain  profile  allows  a  flat  earth  approximation 
for  the  link's  footprint.  Both  satellite  and  ground  station  antennas  are  used 
for  both  transmission  and  reception  of  all  traffic,  including  satellite  tele¬ 
metry  and  control  as  well  as  the  primary  c omuni cat  ions .  The  backllnk  is  needed 
to  carry  measurements  of  critical  satellite  parameters,  remote  sensor  information, 
message  verification  and  retransmission  requests.  Figures  6-llb  shows  the  cross¬ 
link  model  in  *rftich  satellite  1  is  receiving  from  satellite  2  and  from  a  jammer 
on  the  earth's  surface. 


The  signal  modulation  method  for  the  links  will  not  be  soecificled  except 

to  note  Figure  6-12,  which  indicates  that  there  are  several  methods  for  obtaining 

-4 

a  bit  error  rate  of  less  than  10  with  an  energy  per  61 t  over  noise  power  per 
hertz  (E-c/N  1  of  12  dB.  It  will  be  assumed  that  with  error  correction  or  error 

•*r  0 
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figure  6-1  la . 


Up! Ink/Backllnk  Configuration 
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riqure  6-12.  Variation  in  bit  error  probability  with  Eh/N 
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6. 3. 3.4  (Continued) 


detection  followed  by  possible  retransmiss ion ,  tnis  bit  error  rate  is  sufficient. 
For  instance,  if  10^  bits  were  transmitted  with  single  bit  error  correction  for 
31  bit  blocks,  the  probability  of  an  uncorrected  error  would  be  only  15?.  If 

4 

10  bit  blocks  were  then  used  for  error  detection  and  retransmission,  the 
probability  of  uncorrected  errors  after  1  retransmission  would  only  be  .0003. 
Therefore.  12  dB  will  be  used  as  the  critical  (E/NQ)  for  successful  communication. 


and 


/EJRf\  •  12  dB 

Vo  k 

ft  ■  ft  ft 


(6-56) 


(6-57) 


where  Eqp  is  the  energy  per  message  bit. 

Sqp  is  the  sinnal  power  at  the  receiver, 

is  the  noise  power  per  hert;  density  at  the  receiver. 

3rf  is  the  number  of  bits  in  the  message. 
tRfr  is  the  message  time  interval. 

In  order  to  overcome  intentional  janninq,  the  signal  bandwidth,  W,  is  assumed 
to  be  increased  by  spectrum  spreading  techniques  i pseudo-noi se,  frequency  hopping, 
time  hcpoing,  etc).  The  form  of  the  margin  ca’cuiations  is  as  follows: 


(6-53) 


*he  siqna1  power  at  the  receiver  is  given  by: 
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6. 3. 3. 4  (Continued) 

pc 

where  p  "  is  the  transmitter  power, 

G^..  GR  are  the  gains  of  the  transmitting  and  receiving  antennas, 

\RP  is  the  RF  wavelength. 

Rj  is  the  range  to  the  receiver, 
and  the  ?  are  transmission  terms  accounting  for  losses. 

This  equation  assumes  there  are  no  antenna  pointing  errors.  Both  bore- 
sight  gains  are  given  by: 


G  • 


RF 


(6-60) 


where  0  is  the  antenna  diameter  and  r  is  the  antenna  efficiency,  generally  about 
50*. 

The  signal  expression  is  valid  for  both  uplink  and  backlink  when  the 

RF 

appropriate  transmitter  power  value,  P*  .  is  used.  It  is  also  valid  for  the 

t 

crosslink  if  the  atmospheric  attenuation  factors  are  dropped.  The  term, 
is  extracted  from  the  rain  attenuation  statistics  for  the  ground  sight  for  a 
given  availability.  Figure  6-13  shows  the  zenith  path  attenuation  vs.  availability 
for  various  frequencies  for  Rosman,  North  Carolina. 

As  shown  in  Figure  6-14,  these  statistics  are  typical  for  East  coast  stations, 
and  conservative  for  most  West  coast  stations.  They  will  be  used  for  all  ground 
station  models.  The  large  rain  attenuation  factors  are  caused  by  small  convection 
cells,  which  are  several  kilometers  in  diameter,  and  pass-by  in  minutes.  The 
probability  of  encountering  one  of  these  cells  is  assumed  to  be  proportional  to 
the  pith  lenqth  through  the  atmosphere.  Therefore,  the  availability  for  a  non¬ 
zenith  oath  is  decreased  from  the  zenith  path  availability  used  in  Figure  6-13, 
oy: 
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Figure 


-13.  Attenuation  Distributions  for  Calendar  Year  1970  at 
Poseman,  Horth  Carolina 
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6. 3. 3.4  (Continued) 

RF 

where  sec  Is  tne  path  length  factor.  If  more  than  one  site  can  communicate  with 
a  particular  satellite,  then  the  total  link  availability  Is  Increased.  The  resulting 
availability  from  both  of  these  factors  Is: 


V 


(6-62) 


where  nRp  Is  the  number  of  ground  sites,  which  are  assumed  to  be  separated 
enough  to  have  uncorrelated  heavy  rain  statistics. 

To  use  Figure  6-13's  statistics  for  2  ground  stations  with  different 
zenith  angles  to  the  satellite  requires  a  trial  and  error  approach,  which 
minimizes  the  maximum  attenuation  of  either  site,  for  a  given  desired  total  link 
avallabil ity.  If,  however,  the  sites  are  close  enouqh  that  the  zenith  angles 
are  roughly  equal,  but  their  rain  statistics  uncorrelated,  then  the  availability 
to  be  used  in  Figure  f-13  can  be  calculated: 

v.;  •  •  (6-6JI 

For  example,  a  desired  total  uplink  availability  (due  to  rain)  of  99. 9T 
at  a  zenith  angle  of  80°  Is  equivalent  to  a  zenith  availability  of  99.982”,, 
which  corresponds  to  a  rain  attenuation  at  32  GHz  of  28  dB  (which  must  be  over¬ 
come  by  the  transmitter) .  If  two  such  stations  are  available,  the  required 
zenith  availability  at  each  site  Is  only  99.44t,  or  an  attenuation  of  only  12  dB 
at  32  GHz. 

TraDOME*  the  attenutation  factor  from  the  ground  antenna's  ra dome.  If  one 
is  used,  can  be  estimated  from  Figure  6-15  which  given  a  maximum  value  of  4.2  dB 
loss  for  heavy  rain  onto  a  dirty  radome  at  30  GHz. 
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Figure  e-15.  Attenuation  Factor 
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6. 3. 3. 4  (Continued) 


The  clear  air  attenuation,  rAIR.  Is  very  small  up  to  60  GHz  as  can  be  seen 
from  Figure  6-16.  Therefore,  It  will  be  Ignored. 

The  noise  density,  Nq,  In  equation  (6-58)  Is  given  by: 


*o  "  {k  TSUN)2*(k  T£ARTH)2*(k  TRECEIVER^*(k  TRAIN)2+ 


1/2 


(6-64) 


T^un  and  a1**  the  noise  temperatures  for  sun  and  earth  when  they  fill  the 

view  of  the  receiving  antenna.  trecE I VER  and  TRAIN  ar*  th*  rece1ver  "O^e 

temperature  and  the  noise  temperature  due  to  heavy  rain  near  the  receiving 

antenna,  k  Is  Boltzman's  constant.  T£*rth  <s  2®ro  for  the  backllnk  and 

Is  zero  for  both  uplink  and  crosslink.  A  typical  value  for  i VER  *S 

for  today's  satellite  technology,  TEARTh  Is  254°k,  and  T^UN  Is  between  10*  and 

10 '°K  depending  on  the  RF  frequency  and  the  sun's  activity  level.  The  noise 

4o 

caused  by  rain  Is  shown  In  Figure  6-17,  where  It  Is  evident  that  10  K  Is  a  very 
liberal  estimate  for  the  noise  temperature.  Obviously  If  the  sun  fills  the  fleld- 
of-vlew  of  the  antenna.  It  dominates  the  natural  -noise  sources. 


The  last  term,  ^  ,  In  equation  (6-64)  is  caused  by  a  broadband  noise  gener¬ 
ating  Jawner  which  Is  assumed  to  exist  at  a  distance  Rqj  from  the  ground  station, 
for  the  upl Ink/backl ink  case,  or  at  latitude  ij  and  longitude  for  the  crosslink 
case. 


The  jammer  noise  ,-ower  is  spread  evenly  over  the  apparent  bandwlth,  W,  of 
the  signal.  J  is  the  noise  power  at  the  receiver  due  to  the  Jammer,  and  is 
determined  by  an  equation  similar  to  signal  equation  (6-59). 


J  • 


(6-65) 


where  Rj  Is  the  Jaxwer  transmitter  power, 

Gj  is  the  jamaer  antenna  boreslght  gain, 

Gp(tj)  Is  the  satellite  antenna  gain  In  the  direction  of  the  jamner, 
and  R,  is  the  distance  from  the  jammer,  to  the  receiving  antenna. 

si 
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Figure  6-16.  Summary  of  see-level  atmospheric  attenuation 
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6. 3. 3.4  (Continued) 

The  rain  related  attenuation  factors  have  not  been  included  because  the 
jammer's  heavy  rain  statistics  are  assumed  not  to  be  well  correlated  with  those 
of  the  ground  site. 

The  gain  profiles  for  both  the  ground  station  antenna  and  the  satellite 
antenna  are  assumed  to  be  that  of  a  parabolic  reflector,  with  tapering  to  lower 
the  si delobes  to  25  d8  below  the  main  beam: 


gr^ 


VSF  )  *f 

X 

m  x 

if  X  *  3.6 
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R?)*  "r-25  "  (A) 


if  v  >  3.6 


where 


tDrf  *<n  -J 

V 


0RF  is  the  receiving  antenna  diameter, 

is  the  receiving  antenna  efficiency, 

tj  is  the  angle  between  the  jammer  and  the  antenna’s  bores ight 

and  Jj  is  the  first  order  Bessel  function  of  the  first  kind.  The  gain  is  main¬ 
tained  at  GR(o)-25  dB  beyond  the  main  lobe  because  it  is  assumed  that  Jammer  will 
be  moved  off  the  satellite  antenna  profile’s  nulls. 


For  the  upl ink: 
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For  the  back! ink: 
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6. 3. 3.4  (Continued) 


Successful  communication  Imolles  that  these  margins  exceed  unity  and  the 
line  of  sight  conditions  are  met  for  crosslinks. 

6. 3. 3.5  Area  Allocation 


Environmental  resolution  elements  should  be  allocated  to  the  satellites  In 
such  a  manner  as  to  minimize  the  time  required  to  scan  the  coverage  area.  The 
Full  OSCAR  System  Model  calculates  the  figure  of  merit  (FOM^  .)  to  every  environ¬ 
mental  resolution  element  for  each  satellite  In  the  constellation.  Because  the 
time  required  to  cover  a  resolution  element  Is  Inversely  proportional  to  the 
figure  of  merit,  a  more  appropriate  number  to  use  in  allocation  considerations 
is  the  reciprocal  of  the  figure  of  merit,  called  the  3  fioure. 

The  Initial  allocation  Is  accomplished  by  giving  responsibility  for  each 
environmental  resolution  element  to  the  satellite  which  can  cover  It  using  the 
lowest  G  figure.  For  each  satellite,  a  sunmatlon  of  the  G  figures  for  those 
resolution  elements  for  which  It  Is  responsible  is  calculated.  To  meet  the 
time  requirement,  the  sum  for  each  satellite  must  be  less  than  Sy,  where 


6. 3. 3. 5  (Continued) 
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If  this  condition  is  met,  the  allocation  procedure  is  terminated  and  this  initial 
satellite  allocation  is  used. 

When  the  time  requirement  is  not  satisfied,  re-allocation  is  performed. 

For  the  satellite  with  the  largest  summation  of  G  figures,  the  responsibility 
for  one  or  more  environmental  resolution  elements  must  be  transferred  until  that 
satellite  meets  the  temporal  requirement.  These  environmental  resolution  elements 
must  also  be  reassigned  in  such  a  manner  as  to  provide  a  minimum  amount  of  loading 
on  the  other  satellites.  To  accomplish  this,  for  each  resolution  element  assigned 
to  this  satellite,  the  difference  between  G  values  for  this  satellite  and  the 
satellite  with  the  next  smallest  G  value  is  calculated  and  stored  in  a  table  named 
delta.  The  delta  table  is  next  sorted  in  increasing  order  while  keeping  careful 
account  of  the  environmental  resolution  elements  associated  with  each  value  in  the 
delta  table.  In  this  manner,  a  sorted  environmental  resolution  element  table  is 
created.  Since  the  smaller  the  value  in  the  delta  table,  the  less  the  impact  of 
area  reassignment  is  upon  the  other  satellites,  resolution  elements  are 
reassigned  to  the  satellites  with  the  next  lowest  G  finures,  in  the  order  that 
they  appear  in  the  sorted  table.  Elements  are  reallocated  until  the  G  figure 
summation  becomes  less  than  Sy.  The  remaining  environmental  resolution  elements 
will  comprise  the  final  area  allocation  to  this  satellite. 

A  summation  of  the  G  figures  for  the  remaining  satellites  must  now  be  com¬ 
puted.  The  summations  are  again  checked  to  see  whether  or  not  they  meet  the 
temooral  requirement.  If  the  requirement  is  satisfied  for  all  the  satellites, 
the  allocations  are  completed.  Should  the  requirement  not  be  met.  the  procedure 
of  forming  the  delta  table  and  performing  environmental  resolution  element 
reassignments  for  that  satellite  with  the  largest  G  figure  summation  must  be 
repeated.  This  procedure  continues  until  all  satellites  satisfy  the  time  require¬ 
ment,  or  until  all  satellites  have  received  their  final  allocations  via  the 
process  described  above. 
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6. 3. 3.6  Remote  Sensor  Performance 

Information  derived  from  a  "remote  sensor"  is  desirable  at  both  the 
submarine  terminal  and  the  satellite.  This  section  discusses  the  information 
desired  and  the  method(s)  of  obtaining  it. 

6.3. 3.6.1  Submarine  Remote  Sensor 

In  order  to  optimize  the  performance  of  the  Submarine  Terminal,  we  can 

vary: 

1.  Receiver  F1eld-of-View; 

2.  Receiver  pointing  angle  relative  to  zenith  and  local  longitude; 

3.  Detection  Bandwidth; 

4.  Post  Detection  Filtering; 

5.  Post  Detection  Processing; 

and,  depending  on  the  optical  filter  type, 

6.  Filter  center  wavelength  (•)  and  the  bandpass  (i.V). 

In  our  previous  development  of  the  S?DPM,  we  have  assumed  that; 

a.  The  receiver  field-of-view  is  fi-.ed; 

b.  it  is  ootimum  to  point  the  receiver  at  the  signal  (c*0); 

c.  The  received  puls?  shape  is  known,  and  that  using 
3  •  0.4 


results  in  optimum  and  lossless  detection,  filtering  and  processing. 

if  we  further  assume  that  there  is  a  "set”  aboard  the  submarine  whose 
purpose  it  is  to  derive  enough  information  so  that  those  six  parameters  will  be 
optimally  selected,  we  note  that  in  operation  the  information  available  to  this 
remote  sensor  set  will  include: 

1.  Satellite  locations; 

2.  Sun/Moon  location; 

3.  Receiver  location  and  depth; 
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4. 

Submarine  Speed; 

5. 

Time-of-Day; 

6. 

Time-of-Year; 

7. 

Average  Water  Data  Base  there  and 

then; 

8. 

Average  Cloud  Data  Base  there  and 

then; 

9. 

Average  background  level  in  the  operating  passband; 

10. 

Verified  Propagation  Path  Models. 

The  key  Inputs  are  the  last  two,  since  one  may  be  able  to  derive  the 
characteristics  of  the  propagation  path  from  oassive  measurements  of  the  existing 
background.  However,  the  following  information  could  also  be  made  available: 

11.  Long  range  cloud  forecasts; 

12.  Thermocline  locations  and  strength; 

13.  Relative  spectral  strength  of  background; 

14.  Previous  pulse  characteristics; 

15.  Background  short  term  fluctuation  properties; 

16.  Background  long  term  time  dependence; 

17.  Short  term  weather  pattern  update  (night  before). 

On  another  contract  we  are  developing  techniques  for  using  all  or  part  of 
these  17  data  inputs  to  provide  the  required  information  on  the  submarine,  and 
are  proposing  that  experimental  verification  of  these  techniques  be  performed 
under  the  development  tests  defined  In  Section  9,  Volume  4  of  the  final  report. 

In  the  meantime,  we  take  as  a  submarine  remote  sensor  model: 

| a. The  receiver  f leld-of-view  is  fixed  at  a  single  value.  Independent  of 
the  propagation  path; 

\  b.  The  receiver  optical  axis  is  pointed  exactly  back  at  the  axis  of  the 

!  Incoming  signal; 

c.  The  received  pulse  shape  and  width  1$  exactly  known,  and  lossless 

detection  electrical  filtering  and  processing  occurs  for  the  detection 
bandwidth,  B,  equal  to  40t  of  the  reciprocal  of  the  half  power  pulse 
width,  it j/2- 
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Further  analytic  and  experimental  work  will  certainly  modify  one,  or  all 
three,  portlon(s)  of  this  model. 

6. 3. 3. 6. 2  Satellite  Remote  Sensor 

The  remote  sensing  "set"  of  the  satellite  terminal  could  provide  Informa¬ 
tion  to  optimize  the  following  satellite  transmitter  characteristics  (assuming  a 
single  "black  box"  laser  operating  at  a  single  value  of  Ep  and  PRF  Is  available) 

1.  Transmitter  beamwldth; 

2.  Number  of  revisits  to  a  given  location; 

3.  Message  type  (Selective  call  vis-a-vis  General  Broadcast,  for 
example) ; 

and  If  a  tunable  laser  and  filter  are  available; 

4.  wavelength  (X). 

In  our  present  development  of  the  SPDPM  and  DCM,  we  have  assigned  that: 

a.  The  satellite  transmitter  beamwldth  Is  perfectly  matched  (for  the 
fully  adaptive  scan)  to  the  propagation  path  losses  in  a  given 
environmental  resolution  element  (ERE),  so  that  the  required  slgnal- 
to-nolse  ratio  Is  exactly  matched  with  the  actual  slgnal-to-nolse 
ratio; 

b.  No  revisits  to  a  given  location  occur; 

c.  The  message  type  Is  pre-selected  before  a  DCM  run,  and  Is  not  of 
prime  importance  since  the  system  Is  designed  to  meet  the  EAM 
requirements. 

The  "set"  responsible  for  determlng  the  scan  pattern,  revisits,  and 
message  type  will  have  the  following  available  Information: 

1.  Outputs  from  all  available  remote  sensors  on  other  satellites; 

2.  Real  Time  weather  updates  from  the  ground/ships  ("ground  truth"); 

3.  Coverage  Area  Location; 

4.  Oata  from  the  previous  time  Interval; 


6. 3. 3. 6. 2  (Continued) 

5.  Average  Cloud  Oata  Base  for  that  time  and  place; 

6.  Average  Water  Oata  Base  for  that  time  and  place; 

7.  Time  of  Day; 

8.  Time  of  Year; 

9.  Verified  Propagation  Path  Models. 

On  another  contract  we  are  developing  techniques  for  using  all  or  part 
of  these  nine  data  Inputs  to  provide  the  Information  required  by  the  satellite 
remote  sensor  set.  A  significant  portion  of  the  other  program  Is  devoted  to 
determining  the  state-of-the  art  of  available  and  planned  remote  sensors,  and  In 
determining  their  accuracy  In  estimating  the  key  cloud,  air-water  Interface,  and 
water  properties. 

We  are  proposing  that  experimental  verification  of  the  resulting  techniques 
be  performed  under  the  Development  Tests,  defined  In  Section  9,  Volume  4  of  the 
final  report. 

In  the  meantime,  we  take  as  a  satellite  remote  sensor  model: 


A.  A  perfectly  adaptive  scan  controls  the  satellite  transmitter  beamwldth; 

B.  ho  revisits  to  a  given  location  occur;  If  the  FOM^  <1,  then  the  IJ'th  ERE 
Is  not  Illuminated  at  all; 

1C.  The  system  Is  designed  to  deliver  an  EAM;  the  system  knows  enough  to  send 
j  a  Selective  Call  message  (to  maintain  connectivity)  where  a  General  Broad- 

|  cast  message  would  require  too  much  time,  and  so  lower  the  system 

j  effectiveness. 
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6.4  MODEL  IMPLEMENTATION 

The  architecture  for  the  Full  OSCAR  System  Model  has  been  developed  In  the 
previous  sections.  It  Is  not  within  the  scope  of  this  contract  to  Implement  a 
computer  program  for  this  FOSM,  but  It  Is  part  of  this  contract  to  perform  sample 
calculations  using  all  elements  of  the  FOSM  to  show  example  results. 

These  sample  calculations  are  performed  In  Section  3  of  Volume  4  of  this 
final  report.  They  occur  after: 

1.  A  configuration  trade-off  has  been  performed  In  Section  2  of  Volume  4. 
This  trade-off  results  In  optimum  satellite  configurations  (orbits 
and  number  of  satellites)  for  three  types  of  orbits:  geostationary, 
12-hour  period  highly  elliptical,  and  24-hour  period  highly  elliptical; 

2.  The  SPOPM  Is  evaluated  for  a  range  of  signal,  sun,  and  moon  zenith 
angles,  and  cloud  and  water  types; 

3.  The  DCM  Is  evaluated  In  Section  3.4  of  Volume  4  for  satellites  In 
the  best  configurations,  fully  adaptive  scan,  time  of  peak  demodula¬ 
tion,  data  bases  for  clouds  and  water  provided  by  NOSC,  a  single  time 
interval  during  which  the  sun  Is  at  ♦  23.5°  latitude  over  the  center 
of  the  satellite's  area  coverage  responsibility,  for  the  EAM,  and 
typical  system  design  parameters.  The  downlink  availability  Is  scaled 
to  meet  the  minimum  system  requirement  by  deriving  a  required 
technology  figure  of  merit: 

(6-73) 

for  F^  ■  wall  plug  laser  efficiency; 

«  prime  power  available  on  the  satellite  to  pump  the  1  aster; 

yr  •  receiver  (primarily  optical  filter)  transmission; 

8qpj  ■  optical  filter  bandpass. 
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6.4  (Continued) 

Then  the  best  of  the  satellite  configurations  Is  chosen  as  that  one 
requiring  the  fewest  satellites  and  the  smallest  value  of  TECH^. 

Based  on  these  results,  we  perform  the  following  sample  calculations  In 
Volume  4  for  the  FOSM: 

Environmental  Inputs:  Half  the  runs  with  Worst  Case  NOSC  models  for  clouds 

and  water.  Half  with  the  Best  Case; 

No  Ice  blockage; 

Sun/moon  location  In  Table  6-4 

Requirement  Inputs:  Full  area  coverage  and  full  depth  EAM 

Full  System  Effectiveness. 

System  Design  Inputs:  *nd  satellite  network  from  DCM. 

Other  system  design  Inputs  from  DCM. 

No  crosslink. 

Uplink  assumed  not  to  be  a  driver,  but  specified. 

No  MT8F's  or  MTTR's  for  any  portion  of  this  link. 

For  each  of  the  12  runs,  place  one  satellite  at  apogee 
over  an  ocean,  and  allocate  the  other  coverage  as 
appropriate.  Alternate  the  ocean  over  which  the 
satellite  Is  at  apogee  In  every  other  run. 
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Given  this  downlink  availability,  then,  reasonable  values  will  be  assigned 
to  the  other  four  portions  of  the  link  to  arrive  at  a  system-effectiveness  which 
meets  the  OSCAR  requirement. 
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6.5  OISCUSSION  OF  ANALYSES 


The  analyses  developed  In  Section  6.3  differ  markedly  In  their  status. 

6.5.1  Environmental  Models 

The  sub-models  for  the  predictable  data  bases  presented  In  Section  6. 3. 1.1 
are  not  uncertain.  Although  they  are  only  approximations,  the  results  are  adequate 
for  predicting  OSCAR  performance. 
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6.6  "Parameter  Value"  Uncertainties 

The  parameter  value  uncertainties  for  the  FOSM  Include  those  of  the  SPOPM 
and  OCX,  but  also  extend  to  others. 

6.6.1  Environmental  Parameters 

The  parameter  values  for  the  fixed  data  bases  are  well  known,  and  the  only 
uncertainty  In  the  predictable  data  bases  Is  the  exact  values  for  ICf j .  fractional 
Ice  coverage,  to  use  for  a  particular  Ij'th  environmental  resolution  element 
during  a  particular  month.  This  only  affects  a  percent  of  the  total  coverage  area, 
so  the  uncertainty  Is  not  of  prime  Importance. 

The  unpredictable  data  bases  of  cloud  properties,  air-water  Interface 
properties  and  water  properties  are  largely  uncertain.  In  addition  to  those 
problems  pointed  out  In  the  SPOPM  and  OCM  sections;  the  global,  seasonal  and 
diurnal  properties  now  become  of  Importance.  In  particular,  the  mean  time 
between  outages  and  mean  time  to  clear  are  not  known  at  this  time,  along  with 
real  distributions  and  evolutions  of  cloud  thickness  and  average  extinction 
coefficient,  depth  of  the  thermocllne  and  diffuse  attenuation  coefficient  above 
and  below  this  thermocllne,  and  the  strength  and  characteristics  of  bioluminescence. 

Table  6-5  summarizes  only  those  FOSM  Input  parameters  *rf»1ch  are  uncertain. 


Table  6-5.  Uncertain  Parameters  for  the  FOSM 


PARAMETER 

CWENTS 

ENVIRONMENT 

ICE  COVERAGE 

A  SMALL  EFFECT 

CLOUD  DISTRIBUTION  PARAMETERS 

NEEDS  TO  BE  RESOLVED 

AIR-MATER  INTERFACE  PARAMETERS 

A  RELATIVELY  SMALL  EFFECT 

MATER  DISTRIBUTION  PARAMETERS 

NEEDS  TO  BE  RESOLVED 
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